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1.  The  technical  report  transmitted  herewith  represents  the  results  of 
Work  Unit  4A15A  regarding  the  prediction  of  heavy  metal  uptake  by  marsh 
plants.  This  work  unit  was  conducted  as  part  of  Task  4A  (Marsh  Develop- 
ment) of  the  Corps  of  Engineers'  Dredged  Material  Research  Program  (DMRP) . 
Task  4A  is  part  of  the  Habitat  Development  Project  of  the  DMRP  and  is 
concerned  with  the  development,  testing,  and  evaluation  of  the  environ- 
mental, economic,  and  engineering  feasibility  of  using  dredged  material 

as  a substrate  for  marsh  development. 

2.  This  work  unit  reports  on  two  phases  of  research.  The  first  phase  was 
to  determine  the  extent  of  heavy  metal  uptake  by  marsh  plants  growing 
voluntarily  at  selected  dredged  material  sites  along  the  Gulf  and  Atlantic 
coasts.  Those  studies  indicated  that  uptake  of  zinc,  copper,  cadmium, 
and  lead  may  be  of  concern  in  marsh  habitat  development.  In  the  second 
phase  a chemical  extraction  procedure  was  developed  to  predict  heavy  metal 
uptake  from  a given  dredged  material,  prior  to  selection  of  the  habitat 
development  alternative. 

3.  Work  Unit  4A15A  is  one  of  several  research  efforts  designed  by  the 
DMRP  to  assess  the  potential  for  the  uptake  and  mobilization  of  cont€imi- 
nants  through  the  disposal  of  dredged  material  in  marsh  and  estuarine 
systems.  An  earlier  work  unit,  4A15,  demonstrated  that  measurable  uptake 
occurred  in  marsh  plants  subjected  to  various  concentrations  of  heavy 
metals  in  hydroponic  solution.  Other  closely  related  work  units  are 
2A05,  which  provided  a state-of-the-art  review  of  nutrient  and  heavy 
metal  cycling  in  marsh-estuarine  ecosystems;  4A06,  which  determined  the 
effects  of  Eh,  pH,  and  salinity  on  trace  and  toxic  metal  uptake  by 
marsh  plants;  4A11H,  which  compared  the  water  quality  and  sediment  status 
of  a natural  and  a man-made  marsh  on  the  James  River,  Virginia;  4A11L, 
which  evaluated  the  uptake  of  organohalides  from  contaminated  sediments 
into  plant  and  animal  tissues;  and  4A26,  which  provided  a rapid,  inexpen- 
sive bloassay  technique  for  predicting  contaminant  uptake  from  dredged 
material  under  field  conditions. 


WESYV 

SUBJECT;  Transmittal  of  Technical  Report  D-78-6 
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4.  Additional  supportive  and  comparative  data  will  be  forthcoming  with 
the  final  analysis  of  the  results  of  field  studies  at  Windmill  Point, 
Virginia  (4A11} ; Buttermilk  Sound,  Georgia  (4A12);  Apalachicola,  Florida 
(4A19) ; Bolivar  Peninsula,  Texas  (4A13) ; Pond  No.  3,  California  (4A18): 
and  Miller  Sands,  Oregon  (4B05) . Together  these  research  products  will 
provide  the  Corps  with  a comprehensive  basis  for  sound  management  of 
potentially  contaminated  dredged  material. 

^JOHN  L.  CANNON 

Colonel,  Corps  of  Engineers 
Commander  and  Director 
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marsh  plants.  The  occurrence  of  these  elevated  concentrations  of  heavy  metals 
emphasizes  the  need  for  a method  to  predict  heavy  metal  availability  from 
dredged  material  to  plants. 

DTPA  extraction  of  heavy  metals  gave  the  best  correlations  with  actual 
heavy  metal  concentrations  in  marsh  plants . y. The  other  procedures  were  limited 
to  one  or  two  heavy  metals  and  only  one  of  the  three  marsh  plant  species 
studied.  Marsh  plant  uptake  of  Zn,  Cu,  Cd,  and,  to  some  extent,  Pb  and  Cr 
from  dredged  material  can  be  predicted  using  a DTPA  extraction  procedure. 
Prediction  of  plant  uptake  of  Ni  or  Hg  was  not  possible  in  this  study. 
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such  as  flooded  and  upland.  Prediction  of  heavy  metal  availability  in  dredged 
material  under  various  disposal  conditions  will  enhance  the  ability  of  CE 
District  personnel  to  dispose  of  dredged  material  in  an  environmentally 
compatible  manner. 
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SUMMARY 


Development  of  techniques  for  environmentally  acceptable  marsh 
creation  with  dredged  material  is  one  of  the  major  goals  of  the 
Dredged  Material  Research  Program  (DMRP).  Movement  of  contaminants 
from  dredged  material  is  one  of  the  potential  problems  associated 
with  this  and  other  goals  of  the  DMRP.  An  understanding  of  heavy 
metal  and  other  contaminant  movement  and  the  development  of  a capa- 
bility to  predict  this  movement  are  essential  for  the  establishment 
of  meaningful  regulatory  criteria  and  for  environmentally  wise  deci- 
sions about  marsh  creation  by  U.  S.  Army  Corps  of  Engineers  (CE) 

District  personnel. 

This  report  describes  a field  and  laboratory  study  designed  to 
establish  the  extent  of  heavy  metal  absorption  and  uptake  by  marsh  plant 
species  from  dredged  material  and  to  develop  a predictive  technique 
using  chemical  extraction  of  heavy  metals-  from  dredged  material  to  pre- 
dict the  concentration  of  heavy  metals  in  marsh  plants  subsequently 
grown  on  the  dredged  material. 

Extensive  field  sampling  of  marsh  plants  and  dredged  material 
from  CE  disposal  sites  was  conducted  along  the  East  and  Gulf  Coasts 
of  the  United  States.  A wide  range  of  environmental  conditions  from 
natural  to  heavily  industrialized  areas  were  sampled. 

Results  indicated  that  most  marsh  plants  colonizing  dredged  mate- 
rial disposal  sites  sampled  in  this  study  contained  relatively  low  con- 
centrations of  Zn,  Cu,  Cd,  Pb,  Cr,  Ni,  and  Hg.  These  concentrations 
were  very  similar  to  those  reported  for  natural  coastal  marshes.  There 
were  a few  locations,  however,  in  which  the  concentrations  of  Zn,  Cu, 

Cd,  and  Pb  in  the  marsh  plants  were  an  order  of  magnitude  greater  than 
the  concentrations  measured  in  the  majority  of  the  marsh  plants.  The 
occurrence  of  these  elevated  concentrations  of  heavy  metals  emphasizes 
the  need  for  a method  to  predict  heavy  metal  availability  from  dredged 
material  to  plants. 

Four  procedures  for  the  extraction  of  heavy  metals  from  soil 
were  evaluated,  including  water  soluble,  exchangeable,  dilute  acid 
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extractable,  and  DTPA  extractable.  DTPA  extraction  of  heavy  metals  gave 
the  best  correlations  with  actual  heavy  metal  concentrations  in  marsh 
plants.  The  other  procediires  were  limited  to  one  or  two  heavy  metals 
and  only  one  of  the  three  marsh  plant  species  studied. 

The  results  of  the  study  indicate  that  marsh  plant  uptake  of  Zn, 
Cu,  Cd,  and  to  some  extent  Fb  and  Cr  from  dredged  material  can  be  pre- 
dicted using  a DTPA  extraction  procedure.  Prediction  of  plant  uptake 
of  Ni  or  Hg  was  not  possible  in  this  study. 

In  order  to  evaluate  the  potential  of  a sediment  or  dredged  mate- 
rial to  contaminate  marsh  plants  with  heavy  metals,  it  is  recommended 
that  the  sediment  or  dredged  material  be  subjected  to  a DTPA  extraction 
test  as  described  in  this  report.  The  resulting  extraction  solution 
should  be  analyzed  for  Zn,  Cu,  Cd,  Pb,  and  Cr.  By  substituting  the 
concentration  of  each  of  these  heavy  metals  into  the  appropriate  pre- 
diction equation  presented  in  this  report,  the  plant  content  of  each 
heavy  metal  can  be  predicted.  These  predicted  values  can  then  be  eval- 
uated as  being  potentially  hazardous  or  harmless.  This  procedure  should 
have  great  practical  significance  to  CE  District  personnel  who  plan  and 
evaluate  dredged  material  disposal  alternatives. 

While  this  study  did  develop  equations  that  have  good  potential 
for  predicting  plant  uptake  of  Zn,  Cu,  Cd,  Fb,  and  Cr,  additional  veri- 
fication tests  are  required  to  reconfirm  and  better  substantiate  the 
accuracy  of  these  equations. 

Additional  research  is  recommended  to  obtain  information  about 
plant  uptake  of  heavy  metals  in  sediments  and  dredged  material  contain- 
ing heavy  metals  in  concentrations  in  excess  of  the  amo\ints  foiind  in 
this  study.  The  prediction  equations  presented  in  this  report  are 
suitable  for  dredged  material  in  which  the  concentration  of  heavy 
metals  falls  within  the  range  of  those  sampled  in  this  study.  There- 
fore, to  improve  and  expand  their  predictive  capability,  more  data  at 
higher  concentration  ranges  are  required.  Additional  research  is  re- 
quired to  relate  the  influence  on  heavy  metal  availability  to  marsh 
plants  of  placing  dredged  material  in  different  disposal  environments 
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such  as  flooded  or  upland.  Prediction  of  heavy  metal  availability  in 
dredged  materials  under  various  disposal  conditions  will  enhance  the 
ability  of  CE  District  personnel  to  dispose  of  dredged  material  in  an 
environmentally  compatible  manner. 
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This  investigation  was  conducted  as  part  of  the  Corps  of  Engineers' 
Dredged  Material  Research  Program  (DMRP).  The  DMRP  is  sponsored  by  the 
Office,  Chief  of  Engineers  (DAEN-CWO-M) , and  was  formally  authorized  by 
letter,  "Study  Program  for  Disposal  of  Dredged  Material,"  dated 
27  December  1971. 

The  study  was  conducted  during  the  period  July  1975  to  September 
1977  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  by 
Dr.  C.  R.  Lee,  Messrs.  R.  M.  Smart,  T.  C.  Sturgis,  and  R.  N.  Gordon,  Sr., 
and  Ms.  M.  C.  Landin  of  the  Ecosystem  Processes  Branch,  Ecosystem  Re- 
search and  Simulation  Division,  Environmental  Effects  Laboratory  (EEL). 
Assistance  was  received  from  Dr.  J.  W.  Barko  and  Mr.  I.  F.  Behr  III. 

This  research  was  conducted  under  the  direction  of  Dr.  R.  T.  Saucier, 
Special  Assistant,  EEL,  and  Dr.  H.  K.  Smith,  Project  Manager,  Habitat 
Development  Project,  DMRP.  The  study  was  \inder  the  general  supervision 
of  Dr.  R.  L.  Eley,  Chief,  Ecosystem  Research  and  Simulation  Division, 
and  Dr.  John  Harrison,  Chief  of  EEL.  Technical  consultants  for  the 
study  were  Dr.  C.  B.  Loadholt,  Professor  of  Biometrics,  Medical  Uni- 
versity of  South  Carolina,  and  Dr.  N.  R.  Page,  Head  of  Agric\iltural 
Chemical  Services,  Clemson  University. 

Directors  of  WES  during  the  study  and  the  preparation  and  pub- 
lication of  this  report  were  COL  G.  H.  Hilt,  CE,  and  COL  John  L. 

Cannon,  CE.  Technical  Director  was  Mr.  F.  R.  Brown. 
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PREDICTION  OF  HEAVY  METAL  UPTAKE  BY  MARSH  PLANTS  BASED  ON 


CHEMICAL  EXTRACTION  OF  HEAVY  METALS  FROM  DREDGED  MATERIAL 

PART  I : INTRODUCTION 

Background 

1.  Development  of  techniques  for  environmentally  acceptable 
marsh  creation  with  dredged  material  is  one  of  the  major  goals  of  the 
Dredged  Material  Research  Program  (DMRP)  of  the  U.  S.  Army  Corps  of 
Engineers  (CE).  Movement  of  contaminants  from  dredged  material  is  one 
of  the  potential  problems  associated  with  this  and  other  goals  of  the 
DMRP.  An  \inderstanding  of  heavy  metal  and  other  contaminant  movement 
and  the  development  of  a capability  to  predict  this  movement  are  es- 
sential for  the  establishment  of  meaningful  regulatory  criteria  and 
for  environmentally  wise  decisions  about  marsh  creation  by  CE  District 
personnel . 

2.  In  the  marsh  ecosystem,  plants  die  and  decay  and  their  con- 
stituents are  flushed  into  adjoining  lakes  or  estuaries  in  either 
particulate  or  dissolved  form.  In  addition,  plants  are  consmed  by  a 
host  of  organisms  such  as  insects,  waterfowl,  and  small  animals.  It 
is,  therefore,  extremely  important  to  know  whether  or  not  a given  plant 
that  might  be  used  in  creating  a marsh  is  able  to  absorb  heavy  metals 
from  the  environment.  Extensive  research  is  presently  being  conducted 
to  determine  the  heavy  metal  uptake  and  content  of  a large  number  of 
agricultural  crops.  Unfortunately,  the  extent  to  which  nonagricultural 
plants  absorb  heavy  metals  is  neither  as  well  known  nor  as  extensively 
studied. 

3.  In  addition  to  a knowledge  of  the  potential  of  a plant  to 
absorb  heavy  metals  vinder  particular  environmental  conditions,  tech- 
niques of  predicting  absorption  based  on  chemical  characterization  of 
the  substrate  need  to  be  developed.  Such  techniques  have  been  and  are 
currently  being  developed  to  predict  the  potential  uptake  of  nutrients 
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and  heavy  metal.s  by  agricultiiral  plants.  Similar  techniques  must  be 
developed  for  nonagricultural  plants,  especially  those  used  in  habitat 
development  on  potentially  contaminated  materials.  While  most  agricul- 
t\iral  soii.  test  techniques  have  been  developed  on  well-drained,  aerated 
soils,  similax'  or  modified  techniques  can  probably  be  used  for  predict- 
ing heavy  metal  absorption  by  marsh  plants.  Thus,  the  basic  approach 
for  studying  heavy  metal  uptake  in  plants  can  be  similar,  at  least  in 
philosophy,  whether  the  plant  is  growing  in  the  marsh  ecosystem  or  in 
an  agricultxiral  environment. 

Literature  Review 


Role  of  meirsh  plants  in 
the  mobilization  of 
heavy  metals  from  sediments 

U.  Nutrient  movement  or  cycling  within  the  salt  marsh  ecosystem 

has  been  under  investigation  for  a number  of  years.  However,  only 

since  the  early  1970 's  has  heavy  metal  uptake  from  sediments  by  plants 

been  studied.  The  importance  of  Spartina  alterniflora  in  mobilizing 

heavy  metals  from  sediments  and  conveying  them  into  estuarine  food 

1 2 

chains  has  been  discussed  by  Williams  and  Murdoch,  Pomeroy  et  al., 
Phan,^  Banus  et  al.,^’^  and  Dunstan  et  al.^’"^  These  reports  relate 
the  importance  of  Spartina  alterniflora' s contribution  to  the  movement 
of  certain  heavy  metals  through  the  marsh  ecosystem.  Banus  reported 
that  lead  was  taken  up  by  S^.  alterniflora  in  concentrations  that  ranged 
from  to  23.2  ppm  and  that  with  increased  production  of  standing 
crop  through  nitrogen  additions  to  a marsh,  substantial  amo\ints  of  lead 
could  move  from  the  marsh  into  the  estuary  via  tidal  action.  S^.  alter- 
niflora was  also  reported  to  play  a large  role  in  the  transfer  of 

3 6 

mercury  through  a salt  marsh  environment.  ’ Remobilization  of  Hg  by 

the  root  systems  of  S^.  alterniflora  was  shown  to  be  an  effective  way  of 

3 8 

transferring  mercury  into  the  food  web.  Windom  has  estimated  the 
total  Hg  taken  up  by  S^.  alterniflora  in  Georgia  estuaries  to  be  approx- 
imately  0.7  mg/m  /yr.  Not  only  did  S^.  alterniflora  take  up  Hg  from 
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sediments,  tut  Hg  was  released  to  the  surrounding  water  from  the  plant's 
3 

leaves . 

5.  There  are  other  reports  in  the  literature  that  suggest  a minor 
role  of  S^.  alterniflora  in  mobilizing  other  heavy  metals  from  sediments 
into  food  chains. 

6.  Williams  and  Murdoch^  suggested  that  the  role  of  alterni- 
flora in  transporting  Zn  into  estuarine  food  chains  was  of  little  con- 
sequence because  of  the  low  leaf  content  of  Zn  (lO  ppm).  The  total 

2 

uptake  of  Zn  was  reported  to  be  6 kg/km  , which  was  thought  to  be  low 

when  compared  to  both  terrestrial  monocots  and  submerged  grasses. 

7 

7.  Dunstan  et  al.  data  suggest  a minor  role  of  S^.  alterniflora 
in  contributing  Cd  and  Cu  from  sediment  into  estuarine  food  chains.  Up- 
take of  Cd  and  Cu  from  six  important  river  systems  was  found  to  be 

3 3 

l.i*  X 10  kg/yr  and  10. x lO  kg/yr,  respectively.  These  values 
accounted  for  only  3 percent  of  the  total  amo\ints  of  these  metals  that 
flowed  through  the  river  systems. 

8.  While  the  importance  of  marsh  plants  in  mobilizing  certain 
heavy  metals  from  sediments  remains  a subject  that  requires  additional 
research  for  further  substantiation,  the  above  reports  and  others^ 
shed  some  light  on  heavy  metal  concentrations  that  have  been  found  in 
marsh  plants  at  various  coastal  locations.  The  relationship  between 
the  plant  leaf  heavy  metal  content  found  in  the  present  study  of  metal 
uptake  by  marsh  plants  from  dredged  material  and  the  actual  concentra- 
tions of  each  heavy  metal  reported  in  available  literature  will  be 
discussed  in  more  detail  later. 

Prediction  of  heavy 
metal  uptake  by  plants 

9.  Literature  concerning  the  prediction  of  heavy  metal  uptake  by 

marsh  plants  is  scarce.  Only  three  reports  were  found.  Dunstan 

6 T 

et  al.  ’ , in  attempting  to  relate  heavy  metal  concentrations  in  sedi- 
ments to  marsh  plant  heavy  metal  contents,  concluded  that  Cd  and  Cu 
concentrations  found  in  S^.  alterniflora  did  not  directly  correlate  with 
the  concentration  of  these  metals  measured  in  the  sediment  by  a nitric 
acid  leaching  procedure.  It  was  postulated  that  S^.  alterniflora  was 
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well  buffered  against  increasing  levels  of  these  metals  since  only  a 

small  portion  of  each  metal  accumulated  in  the  plant-available  fraction  f 

of  the  sediment.  The  nitric  acid  leached  fraction  of  sediment  heavy 

metals  as  measured  by  Dunstan  et  al.  may  contain  forms  of  heavy  metals 

that  normally  would  not  be  available  for  plants  and  therefore  would  not 

be  a good  estimate  of  plant -available  heavy  metals. 

10.  Perhaps  the  most  extensive  research  conducted  on  heavy  metal  ■ 

availability  as  related  to  sediment  pH,  Eh,  and  salinity  has  been  that 

12  13 

performed  by  Gambrell  et  al.  ’ at  the  Laboratory  for  Wetland  Soils 

and  Sediments,  Center  for  Wetland  Resources,  Louisiana  State  University. 

Under  laboratory  conditions,  heavy  metal  availability  in  sediment  under 

various  pH  and  Eh  conditions  and  the  resultant  uptake  of  heavy  metals 

by  S^.  alterni flora  and  Distichlis  spicata  were  studied.  Gambrell 
13 

et  al.  report  that  plant  uptake  of  Cd  was  increased  generally  under 
oxidized  conditions  at  both  acid  and  neutral  pH  values  of  1*.5  and  7.5. 

Mercury  concentrations  in  marsh  plants  were  increased  at  lower  salini- 
ties and  higher  pH  (T.5)  conditions.  Both  exchangeable  (2N  NaAc)  and 
DTPA  extractable  heavy  metals  were  evaluated  and  correlated  with  marsh 
plant  heavy  metal  contents.  Exchangeable  (2N  NaAc)  Hg  and  Cd  cor- 
related well  with  Hg  and  Cd  contents  of  S^.  alterni  flora  while  DTPA 

extractable  Cd  correlated  well  with  Cd  contents  of  D.  spicata. 

13 

11.  Gambrell  et  al.  , in  reviewing  available  information  on 
marsh  plant  uptake  of  heavy  metals,  also  concluded  that  there  was  a 
serious  gap  in  our  \inderstanding  of  the  factors  affecting  the  plant 

availability  of  heavy  metals  in  the  marsh  ecosystem.  An  extensive 

13  ' 

review  was  conducted  by  Gambrell  et  al.  of  the  agricultural  litera-  i 

ture  to  relate  factors  affecting  heavy  metal  availability  in  agricul- 
tural soils  and  sludge-amended  soils.  To  complement  Gambrell 's  review 

I 

of  literature,  the  present  study  reviewed  literature  that  reports  the  j 

prediction  of  heavy  metal  uptake  by  plants. 

12.  While  few  reports  involving  prediction  of  heavy  metal  uptake 
by  marsh  plants  are  available,  the  prediction  of  crop  responses  to 

available  nutrients  in  agricultural  soils  has  been  studied  at  length  I 

for  many  years.  Numerous  soil  extraction  and  testing  procedures  have 

I 

(■ 
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been  developed  to  determine  the  availability  of  nutrients  for  crop 
production.  Soil  testing  and  subsequent  fertilizer  supplementation 
have  become  routine  for  the  maximization  of  crop  production  in  the 
United  States. 

13.  A review  of  the  available  literature  concerning  extraction 
of  minor  elements  from  agricultural  soils  revealed  potential  extraction 
procedures  that  may  have  application  to  extr ‘ction  of  similar  heavy 
metals  in  marsh  ecosystems.  The  relationships  between  soil  Zn  and  plant 
availability  have  been  more  extensively  studied  than  any  of  the  other 
heavy  metals  or  minor  elements.  This  interest  in  soil  zinc  resulted 
from  the  occurrence  of  widespread  zinc  deficiency  in  a number  of  agri- 
cultural crops.  As  early  as  1936,  agricultural  researchers  in  the 

United  States  started  extensive  studies  on  the  reactions  of  zinc  in  soils 

lU 

and  the  relative  availability  of  soil  zinc  to  plants.  Jones  et  al. 
studied  the  compounds  formed  when  zinc  was  applied  to  soils  and  the  re- 
sponse of  plants  to  the  relative  concentrations  of  these  compounds. 

While  most  of  the  interest  was  to  correct  zinc  deficiencies  observed  in 
plants,  plant  response  to  excessive  amounts  of  applied  zinc  (3^5  kg/ha) 
was  also  reported.  From  1936  to  the  present  time,  research  has  been 
conducted  to  better  estimate  the  plant-available  fraction  of  zinc  in 

soils.  Some  of  the  more  notable  reports  are  those  by  Hibbard, Shaw 

1*7  l3 

and  Dean,  Stewart  and  Berger,  Wear  and  Evans,  and  Trierweiler 
and  Lindsay. 

lU.  In  these  reports,  various  fractions  of  soil  zinc  were  dis- 
cussed as  potential  indicators  of  plant-available  zinc.  These  frac- 

lU  15  lit  15 

tions  included  water  soluble;  ’ exchangeable  using  IN  NHj^Cl,  ’ 

IN  NHj^Ac,^^  or  2N  MgCl^;^''*  dilute  acid  using  either  O.OIN 
0.05N  HCl  plus  0.025N  or  O.IN  and  chelate  ex- 

tractable using  either  dithizone,^^’^”^’^^  0.05M  EDTA,^^’^^  or 
20  21 

0.005M  DTPA.  ’ 

15.  Other  minor  elements  such  as  copper  and  manganese  have  been 

20 

studied  along  with  zinc  in  a few  reports.  Lindsay  reported  that  DTPA 

extractable  Cu  and  Mn  correlated  well  with  plant-available  soil  Cu  and 

22 

Mn.  Follett  and  Lindsay  further  reported  that  DTPA  extraction  was 
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useful  to  monitor  availability  of  Cu  and  Mn  in  fertilized  as  well  as 
unfertilized  soils. 

16.  There  is  limited  information  from  agricultural  research  in 

the  United  States  relating  the  extraction  from  soil  of  nonessential 
heavy  metals  such  as  lead,  nickel,  cadmium,  chromium,  and  mercury  to 
plant  uptake.  Canadian  researchers,  however,  have  reported  good  agree- 
ment between  plant  contents  of  Fb  and  Ni  and  exchangeable  soil  Fb  and 
Ni  extracted  with  IN  NHj^Ac  (pH  John  et  al.^"^  correlated 

soil  Cd  extracted  with  IN  NHj^Ac  with  Cd  content  of  radish  and  lettuce 
tops. 

26 

17.  Bates  et  al.  found  that  water  soluble  Cd  and  Ni  correlated 

27 

well  with  Cd  and  Ni  contents  of  swiss  chard.  Schueneman  and  Ellis 
in  the  United  States  reported  a linear  relationship  between  IN  NHj^Ac 
extractable  Cr  and  the  amount  of  Cr  applied  to  soil.  A significant 
growth  reduction  of  crops  occurred  at  an  application  of  100  ppm  of  Cr. 
There  is  no  available  literature  on  the  relationship  between  levels  of 
Hg  extracted  from  agricultural  soils  and  the  plant  content  of  Hg. 

18.  The  information  from  the  above-mentioned  studies  was  con- 
sidered in  combination  with  recently  published  information  on  heavy 
metal  availability  and  potential  toxicities  to  crops  grown  on  sludge- 

, , 28,29,30 

amended  soils. 

19.  Sewage  sludge  research  has  resulted  in  modifications  to  a 

number  of  the  previously  mentioned  soil  extraction  procedures  to  adapt 

them  to  excessive  rather  than  deficiency  levels  of  heavy  metals. 

31  32  33 

Bingham  et  al.  ’ ’ evaluated  both  water  soluble  and  DTFA  extraction 

procedures  to  relate  extractable  Cd  to  plant  growth  and  content  of  Cd. 

Both  water  soluble  and  DTFA  extraction  procedures  gave  results  that 

agreed  well  with  plant  content  of  Cd.  The  shaking  time  of  the  original 

20 

DTFA  procedure  of  Lindsay  was  increased  from  2 to  2k  hours.  The  ad- 
ditional shaking  time  was  thought  to  allow  a better  equilibrium  of 
chelate  extractable  Cd  with  soil  organically  bound  Cd.  The  water 
soluble  paste  extraction  was  also  allowed  to  shake  for  2k  hours 
before  filtering. 

20.  Based  on  the  above  reports  and  conversations  with  a niimber 
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of  the  authors  of  these  reports,  four  potential  extraction  procedures 
were  selected  for  evaluation  of  their  ability  to  predict  heavy  metal 
uptake  hy  marsh  plants  from  dredged  material. 

Selection  of  soil 
extraction  procedures 

21.  Water  soluble.  The  water  soluble  extraction  procedure  of 

32  33 

Bingham  et  al.  * was  selected  because  of  the  apparent  success  in 

relating  results  obtained  with  a 2l+-hom’  shaking  time  to  plant 

content  of  Cd  under  both  flooded  and  nonflooded  soil  conditions. 

13 

Gambrell  et  al.  emphasized  the  importance  of  Eh  on  Cd  availability, 

whic>"  should  have  been  extremely  different  under  the  flooded  and  non- 

33 

flooded  soil  conditions  of  the  experiments  of  Bingham  et  al.  However, 
a 2U-hour  water  extraction  produced  results  that  correlated  well  with 
plant  Cd  content.  In  addition,  water  soluble  Ni  has  been  shown  to  cor- 

26 

relate  well  with  plant  Ni  contents  and  therefore  may  have  potential 
application  in  the  marsh  ecosystem. 

22.  Exchangeable . Based  on  the  reports  of  Canadian  re- 

23  2h  25  27 

searchers  ’ ’ and  Schueneman  and  Ellis,  the  exchangeable  extrac- 

tion procedure  using  IN  NH.  Ac  was  selected  with  the  modification  of  ad- 

3i+ 

justing  the  pH  of  the  extraction  solution  to  the  pH  of  the  sediment. 

13  17 

While  both  2N  NaAc  and  2N  MgCl^  appeared  to  have  potential,  the 

higher  salt  contents  have  caused  salt  buildups  on  the  atomic  absorption 

spectrophotometer  burner,  resulting  in  burner  problems.  In  addition, 

35 

Gogan  reported  that  2N  MgCl^  was  incapable  of  extracting  measurable 
levels  of  Zn  from  calcareous  soils. 

23.  Dilute  acid  extractable.  There  are  numerous  reports  of  the 

successful  use  of  a dilute  acid  extraction  (O.IN)  for  predicting  the 

capacity  of  a soil  to  supply  nutrients  and  minor  elements  such  as  Zn 
1*7  l3  36  3T  33 

and  Mn.  ’ ’ ’ ’ Extraction  with  higher  concentrations  of  acid 

(in)  has  been  reported  as  not  indicating  plant-available  soil  Cd  but 

25 

rather  removing  nearly  all  of  the  soil  Cd.  The  combination  of 
O.O5N  HCl  plus  O.O25N  H^SOj^  has  been  widely  used  in  state  soil  testing 
laboratories  in  the  southern  region  of  the  United  States  to  indicate 
major  nutrients,  Zn,  and  Mn  availability  to  crops.  The  ability  of 

ll* 


existing  soil  testing  laboratories  to  perform  this  procedure  makes  the 
double  acid  extraction  an  appealing  procedure  from  the  practical  aspect 
of  CE  District  utilization. 

2k.  Chelate  extractable.  The  DTPA  extraction  procedvire  of  Lindsay 

20  32  33 

and  Norvell  as  modified  by  Bingham  et  al.  ’ was  selected.  The 

2l*-hour  shaking  period  appeared  to  successfully  relate  soil  Cd  avail- 

33 

ability  to  plants  under  flooded  or  nonflooded  conditions.  DTPA  was 

shown  to  correlate  extractable  soil  zinc  and  yield  response  extremely 

35 

well  on  calcareous  soils.  Therefore,  a DTPA  extract  should  have  good 
potential  in  relating  zinc,  cadmium,  and  copper  availability  to  plants 
in  a marsh  ecosystem. 

Contribution  of 

airborne  particulates 

to  contamination  of  plant  leaves 

25.  Considerable  information  has  been  published  on  the  signifi- 
cance of  airborne  heavy  metal  particulates  with  regard  to  plant  leaf 

39 

accumulations  of  certain  metals.  Lagerwerff  reported  that  plants 

grown  200  m from  a busy  highway  could  have  more  than  kO  percent  of 

their  leaf  content  of  Pb,  Cd,  and  Zn  due  to  aerial  contamination. 

1+ 

Banus  et  al.  estimated  an  annual  deposition  of  Pb  in  Great  Sippewassett 

2 

Marsh  of  11.2  mg  Fb/m  /yr.  They  compared  this  value  to  annual  averages 

2 2 
of  i+0  mg  Pb/m  /yr  for  urban  areas  and  2 mg  Pb/m  /yr  for  rural  areas. 

26.  It  would  appear  that  in  attempting  to  predict  plant  uptake 
of  certain  heavy  metals,  airborne  particulate  deposits  should  be  re- 
moved from  plant  leaf  surfaces,  especially  in  highly  urbanized  or  indus- 
trialized areas.  In  all  of  the  literature  reviewed  and  discussed  pre- 
viously, the  investigators  either  did  not  wash  plant  leaves  or  rinsed 
the  plant  leaves  in  distilled  water  before  acid  digestion  for  heavy 
metal  analysis.  Differences  from  one  area  to  another  could  quite  pos- 
sibly be  due  to  the  differences  in  airborne  particulate  desposition 
rather  than  differences  in  plant  uptake  of  metals  from  the  sediment. 

There  is  a definite  need  to  clarify  the  significance  of  airborne  par- 
ticulate deposition  with  regard  to  the  heavy  metal  contents  of  marsh 
plants  at  various  coastal  locations  reported  previously.  Research  by 
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Elias  and  Patterson  revealed  that  over  75  percent  of  the  lead  adsorbed 
to  certain  plant  leaf  s\irfaces  was  located  in  the  waxy  cuticle.  Washing 
leaves  with  methanol,  distilled  water,  IN  HCl,  and  finally  distilled 
water  removes  the  airborne  lead  without  destroying  the  plant  leaf  epi- 
dermal cells.  It  would  appear  that  in  research  attempting  to  predict 
heavy  metal  uptake  by  plants  from  soils  or  sediments  precautions  should 
be  taken  to  minimize  airborne  particulate  contamination.  Unsuccessful 
attempts  to  correlate  soil  extractable  heavy  metals  with  plant  heavy 
metal  content  may  have  been  confounded  by  airborne  particulates  if 
plant  leaves  were  not  washed  adequately. 

Purpose  and  Scope 


27.  This  study  was  the  second  step  to  evaluate  the  ability  of 

marsh  plants  to  take  up  heavy  metals  from  dredged  material.  A previous 

Ul 

greenhouse  hydroponic  study  indicated  that  certain  marsh  plants  were 
able  to  absorb  and  take  up  certain  heavy  metals  rapidly  from  hydroponic 
solutions.  Based  on  these  results,  a field  survey  and  sampling  study 


was  designed  with  two  phases.  The  objectives  of  Phase  I:  Prediction 
Development  were  to: 

Establish  the  extent  of  heavy  metal  accumulation  by 
marsh  plant  species  from  dredged  material  under  field 
conditions. 

b.  Develop  predictive  equations  and  correlations  between 
various  extraction  and  analysis  procedures  for  dredged 
material  and  the  heavy  metal  accumulation  by  plants 
grown  on  the  dredged  material. 

The  objective  of  Phase  II:  Verification  was  to  confirm  and  improve  the 
developed  predictive  equations  and  correlations  by  additional  field 
tests . 

28.  Due  to  time  and  funding  constraints,  the  field  sampling  was 
limited  to  three  estuarine  marsh  plant  species,  Spartina  alterniflora, 
Spartina  patens , and  Distichlis  spicata.  These  species  are  commonly 

1*1 

widespread  and  took  up  heavy  metals  rapidly  from  hydroponic  solutions 
and  therefore  would  be  expected  to  be  potential  heavy  metal  accumulators 
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when  grown  on  contaminated  dredged  material.  Locations  sampled  were 
limited  to  the  East  and  Gulf  Coasts  of  the  United  States.  A wide  range 
of  environmental  conditions  was  sampled.  Sampling  sites  included 
dredged  material  disposal  areas  located  near  industrial  and  \irban  areas , 
in  harbors,  turning  basins,  bays,  and  rivers,  as  well  as  natural  loca- 
tions with  limited  or  no  industrialization.  Sampling  was  limited  to 
those  marsh  plants  colonizing  the  disposal  site.  Freshwater  marsh 
species  and  locations  were  not  included  in  this  study. 

Approach 

29.  The  study  was  conducted  in  two  phases:  (a)  Prediction 
Development  and  (b)  Verification.  During  Phase  I,  a wide  range  of 
environments  and  dredged  material  were  sampled  for  both  marsh  plants 
and  dredged  material.  These  samples  were  analyzed  for  heavy  metals 
using  modified  procedures  from  available  literature.  Extraction  pro- 
cedures were  evaluated  to  develop  a predictive  technique  for  estimating 
heavy  metal  uptake  by  marsh  plants  from  dredged  material.  Plant  heavy 
metal  contents  were  correlated  with  the  concentrations  of  heavy  metals 
extracted  from  the  dredged  material.  Predic' ive  equations  were  devel- 
oped for  marsh  plant  uptake  of  one  or  more  of  the  heavy  metals  zinc 
(Zn),  copper  (Cu),  cadmium  (Cd),  lead  (Pb),  chromium  (Cr),  nickel  (Ni), 
and  mercury  (Hg).  Phase  II  was  designed  to  include  additional  field 
sampling  to  test  and  verify  the  predictive  equations  developed  in 
Phase  I. 
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PART  II:  DESCRIPTION  OF  STUDY 


Phase  I:  Prediction  Development 

Field  Sampling 

30.  Marsh  plants  were  sampled  from  maintenance  dredging  disposal 
sites  along  the  Atlantic  and  Gulf  coastal  regions  of  the  United  States 
(Table  1,  Figure  l).  The  marsh  plant  species  studied  were  S^.  alterni- 
f lora , S^.  patens,  and  D.  spicata.  Two  to  four  samples  of  each  species 
were  obtained  whenever  present  on  the  site. 

31.  All  samples  were  obtained  between  29  September  and  6 Novem- 
ber 19T5.  North  Atlantic  coastal  locations  were  sampled  first,  fol- 
lowed by  the  South  Atlantic  and  Gxilf  coastal  locations.  Samples  were 
taken  at  the  end  of  the  growing  season,  but  prior  to  the  onset  of  dor- 
mancy. By  sampling  at  this  time,  it  was  anticipated  that  majcimum 
uptake  of  heavy  metals  would  have  occurred. 

32.  Different  lateral  expansion  characteristics  were  exhibited 
by  each  species.  Therefore,  each  species  had  to  be  sampled  somewhat 
differently.  The  objective  of  this  sampling  program  was  to  obtain 
mature  plants  indicative  of  the  current  season's  growth.  Flowers  or 
seed  heads  were  on  some  of  the  stems  in  almost  all  of  the  S^.  alterni- 
flora  samples,  whereas  only  a few  of  the  S_.  patens  or  D.  spicata  sam- 
ples contained  flowers  or  seed  heads. 

33.  alterni flora  colonies  were  generally  circular  in  configu- 
ration and  ranged  from  less  than  15  cm  in  diameter  to  greater  than  10  m. 
In  addition  to  differences  in  the  size  of  the  colony,  large  differences 
in  the  size  of  the  individual  plants  were  observed.  S^.  alterniflora 
ranged  from  1 m in  height  to  over  2 m.  Colonies  were  characterized  by 

a central  zone  of  mature  plants  including  dead  stems  and  decaying  plant 
remains,  an  outer  zone  of  mature  plants  without  previous  year's  growth, 
and  a peripheral  zone  of  immature  plants  (Figure  2).  The  immature 
plants  of  the  peripheral  zone  did  not  exhibit  well-developed  root 
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systems  and  depended  to  some  extent  on  the  transfer  of  materials  from 
parent  plants.  No  samples  were  taken  from  this  zone  as  heavy  metal  con- 
centrations in  these  plants  may  not  be  related  to  concentrations  in  the 
sediment  below.  All  samples  were  taken  at  the  outward  edge  of  the  ma- 
ture portion  of  the  colony.  These  samples  did  not  contain  stems  from 
previous  years  but  did  exhibit  well-developed,  but  fairly  shallow, 
root  systems . 

3^.  Plant  roots  were  excavated  to  a depth  of  15-20  cm  below  the 
crown  of  the  plants.  Once  a plant  was  removed,  aboveground  biomass  was 
clipped  at  10  cm  above  the  sediment  s\irface  and  placed  in  polyethylene 
bags.  Sediment  was  removed  from  around  plant  roots  and  placed  in  1.5-)!. 
polyethylene  sample  bottles.  After  collecting  the  sediment  sample  in 
this  manner,  plant  roots,  with  lower  stems  and  rhizomes  attached,  were 
placed  in  plastic  bags.  All  samples  were  sealed  and  iced  in  plastic 
containers  for  shipping  to  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES),  Vicksburg,  Miss. 

35.  S^.  patens  exhibited  different  growth  characteristics  than 
S^.  alterni flora  and,  consequently,  sampling  procedures  were  modified. 
Colonies  of  these  plants  consisted  of  dense  stands  of  stems  with  stolons 
proliferating  new  colonies  up  to  1 m away  from  the  parent  plant  (Fig- 
ure 3).  Colonies  of  three  distinct  ages  were  apparent.  Older  colonies 
consisted  of  larger  basal  diameters  (10-15  cm)  with  a considerable 
amount  of  dead  vegetation.  Other  colonies  consisted  of  fewer  stems  and 
very  little  dead  matter  with  subsequently  smaller  basal  diameters  (5  cm). 
These  latter  colonies  were  assumed  to  be  representative  of  a single 
season's  growth  and  all  samples  were  taken  from  them.  Roots  were  ex- 
cavated to  a depth  of  15-20  cm  below  the  crown  of  the  plant.  Once  a 
plant  was  removed,  aboveground  biomass  was  clipped  at  10  cm  above  the 
soil  surface.  Sediment  and  plant  samples  were  processed  similarly  to 
those  for  ^3.  alterniflora. 

36.  D.  spicata  exhibited  still  another  growth  characteristic 
(Fig\ire  U).  Colonies  of  these  plants  consisted  of  a dense  central  zone 
containing  abundant  dead  material.  The  outer  zone  was  characterized  by 
laterally  extending  stolons  up  to  1.5  m long  and  about  0.5  m apart. 
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Numerous  plants  were  observed  along  the  length  of  the  stolons  with  bare 
areas  between.  Samples  were  taken  immediately  inward  from  these  where 
both  ground  cover  and  root  development  were  more  extensive.  These  sam- 
ples did  not  contain  significant  amotints  of  dead  material  and  were 
thought  to  be  indicative  of  the  current  season's  growth.  Roots  were  ex- 
cavated in  approximately  a 20-cm-square  area  to  a depth  of  15-20  cm  and 
stems  were  clipped  at  about  10  cm  above  the  soil  surface.  Sediment  and 
plant  samples  were  processed  similarly  to  those  for  S^.  alterni flora  and 
patens . 

Laboratory  Procedures 

37.  Upon  arrival  at  WES,  plant  and  sediment  samples  were  stored 
at  5°C  until  processed.  Plant  samples  were  processed  as  soon  as  pos- 
sible. Water  used  in  the  following  procedures  was  obtained  from  a 
reverse-osmosis  (R.O.)  process  utilizing  a Continental  Model  3230 
Reverse  Osmosis  Water  System. 

Marsh  plant  samples 

38.  Plsint  leaf  washing.  In  general,  a procedure  for  cleaning 

plant  leaf  surface  developed  by  R.  W.  Elias  and  C.  C.  Patterson, 

UO 

California  Institute  of  Technology,  Pasadena,  California,  was  used. 
However,  their  procediire  was  modified  slightly  so  as  to  remove  any  pos- 
sible heavy  metal  contaminants  that  might  have  been  deposited  on  the 
leaves  from  the  air. 

39-  Plant  tops  were  rinsed  in  R.O.  water.  Leaf  blades  were  cut 
from  plant  stems  at  the  stem  to  remove  sediment  and  contaminants  em- 
bedded where  the  leaf  blade  joined  the  stem.  Leaf  blades  were  held  at 
the  cut  end  with  one  hand  and  the  upper  and  lower  leaf  surfaces  were 
wiped  three  times  with  a Kim  wipe  moistened  with  methanol.  Then  the 
leaf  blade  was  wiped  in  a similar  fashion  three  times  with  a new  Kim 
wipe  moistened  with  R.O.  water.  The  same  procedure  was  followed  with  a 
Kim  wipe  moistened  with  a IN  hydrochloric  acid.  The  leaf  blade  was  then 
again  wiped  three  times  with  a Kim  wipe  moistened  with  R.O.  water.  The 
washed  leaves  were  then  oven  dried  at  T0°C  until  constant  weights  were 
obtained.  Dried  plant  material  was  ground  into  a fine  powder  in  a 
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stainless  steel  Wiley  mill  and  stored  in  polyethylene  bottles  until 
acid  digested. 

1^0.  Plant  roots.  Randomly  selected  samples  of  lower  stem,  rhi- 
zome, and  roots  were  washed  thoroughly  in  a jet  of  R.O.  water  to  remove 
as  much  soil  from  plant  roots  as  possible.  Plant  roots  were  then  col- 
lected and  separated  into  red  and  white  roots,  oven  dried,  and  digested 
for  chemical  analysis.  Lower  stems  and  rhizomes  were  not  digested. 

Hi.  Nitric  acid  digestion.  Two  grams  of  oven-dried  plant  tissue 
was  weighed  out  and  placed  in  a tall  100-  or  150-ml  beaker.  Fifteen  to 
20  ml  of  concentrated  nitric  acid  (HNO^)  was  added  and  the  mixture  was 
heated  at  100°C  \intil  dry  (yellow  precipitate).  Another  5 nil  of  con- 
centrated nitric  acid  for  leaves  or  20  ml  for  root  material  was  added 
and  the  mixture  was  heated  gently  for  a few  seconds.  Then  another  5 ml 
for  leaves  or  8 ml  for  root  material  of  red  fuming  nitric  acid  (HNO^) 
was  added  and  the  beaker  was  covered  with  a watch  glass.  The  mixture 
was  heated  at  l80-200°C  until  clear  and  the  nitric  acid  fumes  had  dis- 
appeared. The  mixture  was  cooled  and  diluted  to  30  ml  with  a solution 
of  1.2N  hydrochloric  acid  (l:10  HCl).  This  solution  was  filtered  through 
Whatman  No.  42  filter  paper  and  a long  stem  ftinnel  into  a 50-ml  volu- 
metric flask  and  diluted  to  50  ml  with  1.2N  HCl. 

Dredged  material  samples 

42.  Handling  and  storage.  Upon  arrival  at  the  WES  laboratory, 
dredged  material  samples  were  stored  at  5°C  until  processed.  Each  sam- 
ple was  mixed  thoroughly  and  all  large  debris  such  as  shells,  rocks, 
etc.,  were  removed.  One  half  of  each  sample  was  placed  under  5°C  stor- 
age in  the  field  moist  condition.  The  moisture  content  was  determined 
on  this  portion  of  the  sample.  The  other  half  of  each  sample  was  al- 
lowed to  air  dry  xmder  greenhouse  conditions.  After  air  drying,  the 
sample  was  ground  to  pass  a 35-mesh  stainless  steel  sieve. 

43.  Heavy  metal  extraction  procediires.  Both  the  field  moist  and 

the  air-dried  portions  of  the  dredged  material  samples  were  subjected  to 

the  following  heavy  metal  extraction  procedures. 

op 

44.  Water  paste  extract:  50  g (oven-dry  basis)  of  dredged 

material  was  placed  in  a 500-ml  polycarbonate  bottle,  and  R.O.  water  was 
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added  for  a total  water  volume  of  250  ml  to  give  a soil  to  solution 

ratio  of  1 to  5*  The  mixture  was  shaken  for  2h  hr  and  centrifuged  at 

9,000  rpm  (13,701  x g)  for  30  min  with  5-min  acceleration  and  30-min 
deceleration.  The  supernatant  liquid  was  filtered  through  No.  h2  filter 
paper  on  a buchner  funnel.  Salinity  and  pH  were  measured  on  the  fil- 
trate using  a refractometer  and  an  orion  pH  meter,  respectively.  The 
filtrate  was  then  acidified  to  pH  2.0  or  less  with  1 ml  of  concentrated 

nitric  acid.  It  was  necessary  to  change  the  soil : solution  ratio  from 

1:2  to  1:5  since  some  dredged  material  contained  enough  water  initially 
to  give  a 1:3  soil : solution  ratio  and  at  least  100  ml  of  extraction 
solution  was  required  for  subsequent  chemical  analysis. 

1+5.  Exchangeable  (iN  NHj^Ac  adjusted  to  pH  of  soil):  20  g 

(oven-dry  basis)  of  dredged  material  was  placed  in  a 250-ml  polycar- 
bonate centrifuge  bottle;  50  ml  of  2N  ammonium  acetate  adjusted  to  the 
pH  of  the  sample  was  added;  R.O.  water  was  then  added  to  dilute  to 
100  ml.  The  mixt\ire  was  shaken  for  1 hr  and  centrifuged  at  6000  rpm 
(6089  X g)  for  30  min  with  5-niin  acceleration  and  8-min  deceleration. 

The  supernatant  liquid  was  filtered  through  Whatman  No.  1+2  filter  paper 
on  a buchner  funnel  and  the  filtrate  was  acidified  to  pH  2.0  or  less 
with  6 ml  of  concentrated  nitric  acid.  Ammonium  acetate  was  prepared 
by  mixing  133.3  ml  of  ammonium  hydroxide  diluted  to  500  ml  with  R.O. 
water  and  117.50  ml  of  glacial  acetic  acid  diluted  to  500  ml  with  R.O. 
water  for  1 Jl  of  a 2N  solution  of  ammonium  acetate. 

1+6.  DTPA-extractable  (0.005M  DTPA  + O.OIM  CaCl^  + O.IM  TEA):^°’^^ 

50  g (oven-dry  basis)  of  dredged  material  was  placed  in  a 500-ml  cen-  i 

t trifuge  bottle;  125  ml  of  O.OIOM  DTPA  + 0.020  CaCl  + 0.2M  triethanol- 

^ 1 
amine  (TEA)  buffered  at  pH  7.3  was  added.  R.O.  water  was  added  to  1 

1 

250  ml  and  the  mixture  was  shaken  for  2l+  hr  and  centrifuged  at  9,000  rpm 
(13,702  X g)  for  30  min  with  5-min  acceleration  and  30-min  deceleration.  j 

The  supernatant  liquid  was  filtered  through  Whatman  No.  1+2  filter  paper  ; 

on  a buchner  funnel.  The  filtrate  was  not  acidified,  but  analyzed 
within  II+  days  for  heavy  metals.  DTPA  extraction  solution  was  prepared 
by  dissolving  DTPA  in  triethanolamine  and  diluting  to  near  the  proper 
I dilution  and  adding  CaCl^  and  completing  the  dilution  with  R.O.  water. 

I 

1 

i 

I 

J 
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i+T.  Dilute  acid  extractable  (O.O5ON  HCl  + 0.025N  H^SOj^ ) : 

20  g (oven-dry  basis)  of  dredged  material  was  placed  in  a 250-ml  cen- 
trifuge bottle,  50  ml  of  O.ION  HCl  and  O.O5ON  H2S0]^  extraction  solution 
was  added,  and  R.O.  water  was  added  to  make  a total  volume  of  100  ml. 

The  mixture  was  shaken  for  5 min  and  centrifuged  at  6OOO  rpm  (6089  g) 
for  30  min  with  5-min  acceleration  and  5-min  deceleration.  The  super- 
natant liquid  was  filtered  through  Whatman  No.  1+2  filter  paper  on  a 
buchner  f+innel.  The  filtrate  was  acidified  to  pH  2.0  or  less  with  1 ml 
of  concentrated  nitric  acid. 

Chemical  analyses 

1+8.  Plant  digestion  solutions  and  dredged  material  extraction 

solutions  were  analyzed  for  Zn,  Cd,  Cu,  Pb,  Cr,  and  Ni  using  either  an 

atomic  absorption  spectrophotometer  (Perkin  Elmer  503  with  graphite 

furnace)  or  an  argon  plasma  emission  multielement  spectrophotometer. 

Merc+iry  was  determined  using  an  isotope-zieman  atomic  absorption  spec- 

1+2 

trophotometer  or  the  cold  vapor  method  of  Hatch  and  Ott. 

Statistical  analyses 

1+9.  Descriptive  statistics  were  calculated  for  all  chemical  data 
for  both  plant  and  dredged  material  samples  by  species  and  collectively. 
The  analysis  of  variance  was  used  to  estimate  variance  components  and 
to  determine  the  effect  of  leaf  washing.  Chemical  data  from  the  plant 
digestions  were  correlated  with  the  chemical  data  from  extraction  solu- 
tions for  the  respective  plant  and  dredged  material  samples.  Both  simple 
and  multiple  (or  polynomial)  regression  analyses  were  performed  on  the 
data  considering  plant  chemical  data  as  the  dependent  variable  and  soil 
extraction  data  as  the  independent  variable.  A m+iltiple  (or  curvilinear) 
correlation  coefficient  was  calculated  at  the  termination  of  each  step- 
wise polynomial  regression  analysis.  Significant  differences  and  rela- 
tionships among  the  data  were  tested  at  the  P = 0.05  level  of  signifi- 
cance unless  otherwise  specified. 
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phase  II:  Verification 


Field  Sampling  and  Laboratory  Proced\ires 

50.  S^.  alt erni flora  and  D.  spicata  were  sampled  in  Nueces  Bay  ad- 
jacent to  Corpus  Christi  Bay,  Texas.  Marsh  plants  and  dredged  material 
sampled  in  Phase  I from  this  general  area  were  foiand  to  contain  some  of 
the  higher  concentrations  of  Zn  and  Cd.  During  the  Phase  I sampling, 
considerable  air  contamination  appeared  to  exist  in  this  area.  Marsh 
plants  and  dredged  materials  were  sampled  and  processed  identically  to 
the  procedures  described  under  Phase  I.  Twenty-two  samples  of  S^.  alter- 
ni flora  and  20  samples  of  D.  spicata  were  collected.  These  niombers  of 
samples  were  collected  to  give  a good  indication  of  the  variability  oc- 
curring within  a sampling  area  of  approximately  92  by  92  m. 

51.  Each  leaf  sample  of  S^.  alterniflora  was  divided  in  half.  One 
half  was  rinsed  with  R.O.  water  and  the  other  half  was  washed  according 
to  the  plant  leaf  washing  procedure  described  in  Phase  I. 

52.  Additional  marsh  plant  and  dredged  material  samples  were 

U3 

collected  from  a previous  greenhouse  experiment  to  verify  the  pre- 
diction equations  developed  in  Phase  I.  Marsh  plant  leaves  and  dredged 
material  samples  were  processed  as  described  under  Phase  I procedures. 

Statistical  Analyses 

53.  Chemical  data  from  the  DTPA  extraction  of  dredged  material 
samples  were  incorporated  into  the  prediction  equations  developed  under 
Phase  I and  heavy  metal  contents  were  predicted.  These  predicted 
values  were  then  compared  with  the  actual  content  of  each  heavy  metal 
in  the  plant  samples  for  each  marsh  species.  This  comparison  of  pre- 
dicted heavy  metal  contents  with  actual  observed  contents  was  analyzed 
for  precision  and  accuracy.  Variability  in  both  the  DTPA  extraction  and 
plant  content  data  was  analyzed  for  standard  deviations  and  coefficients 
of  variation.  Significant  differences  and  relationships  reported  for 
the  data  were  obtained  at  the  P = 0.05  level  of  significance  unless 
otherwise  specified. 
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PART  III:  RESULTS  AND  DISCUSSION 


Phase  I:  Prediction  Development 


Comparison  of  Acid  Plant  Leaf  Digestion  Procedures 

5^.  Two  procedures  for  digesting  plant  leaves  were  evaluated  on 

20  of  the  marsh  plant  samples.  The  first  procedure  was  the  nitric  acid 

digestion  described  previously.  The  second  procedure  is  a standard 

method  used  by  many  agricultxiral  scientists.  This  procediire  is  similar 

to  the  nitric  acid  digestion  with  the  exception  that  perchloric  acid  is 

substituted  for  the  red  fuming  nitric  acid.  Although  perchloric  acid 

UU  1+5  1+6 

digestion  has  been  used  extensively  by  Lee,  ’ a serious  explosive 

hazard  exists  with  hot  perchloric  acid.  Because  of  this  hazard,  a com- 
parison was  made  in  which  red  fuming  nitric  acid  was  used  in  place  of 
perchloric  acid  for  plant  digestions.  There  were  no  significant  dif- 
ferences in  the  concentrations  of  Zn,  Pb,  Hg,  and  Cu  fo\ind  in  marsh 
plant  leaves  as  determined  by  the  two  digestion  procedures  (Table  2). 
The  red  fuming  nitric  acid  procedure  gave  higher  values  of  Cd  and  Ni  in 
marsh  plant  leaves  than  the  perchloric  acid  procedure.  Recovery  of  Cd 
and  Ni  may  be  poorer  in  perchloric  acid  than  in  nitric  acid  since  the 
blanks  for  each  procedure  did  not  contain  appreciable  amo\ints  of  Cd  or 
Ni  as  contamination.  The  most  pronounced  difference  in  these  digestion 
procedures  was  the  excessive  amount  of  Cr  found  in  the  perchloric  acid 
digestion.  The  high  values  were  found  to  be  due  to  Cr  contamination  of 
the  reagent  grade  perchloric  acid. 

55.  These  results  indicate  that  red  fuming  nitric  acid  can  be 
substituted  for  perchloric  acid  for  the  digestion  of  plant  materials 
in  heavy  metal  research.  The  advantage  of  using  red  fuming  nitric  acid 
instead  of  perchloric  acid  is  the  elimination  of  potential  explosions. 
As  mentioned  earlier,  the  nitric  acid  digestion  procedure  was  used  in 
this  study. 
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i ^ Heavy  Metal  Contents  of  Marsh  Plants 

Zinc 

56.  Concentrations  of  Zn  in  marsh  plants  were  mostly  in  the  range 

i. 

of  10-20  ppm  (Figure  5).  These  values  compare  well  with  Zn  concentra- 
tions of  11  ppm  found  in  natural  Louisiana  marshes  of  S^.  alterniflora 

I " ’ 9 10 

as  rf^ported  by  Gosselink  et  al.  Broome  et  al.  showed  Zn  concentra- 

^ tion  of  IT  ppm  in  natural  stands  of  S^.  alterniflora  along  the  coast  of 

North  Carolina.  Drifmeyer  and  Odum^^  reported  Zn  concentrations  in 
S^.  alterniflora  and  S^.  patens  of  38.6  and  28.9  Ppm,  respectively,  on 
t dredged  material  and  20.1  and  21.2  ppm,  respectively,  in  a natural  marsh 

( in  the  same  general  vicinity  in  Virginia.  Zn  concentrations  in  natural 

marshes  of  S^.  alterniflora  near  Beaufort,  N.  C.,  ranged  from  7 to 
12  ppm.^  From  these  data  it  would  appear  that  most  of  the  marsh  plants 
growing  on  the  dre-^ged  material  sampled  contained  Zn  concentrations  ap- 
proximating natiiral  marsh  Zn  contents.  However,  there  were  a few  rela- 
tively high  values  (125,  135,  and  155  ppm  Zn)  for  S_.  alterniflora  that 
■ should  be  noted. 

Copper 

57.  Marsh  plant  leaf  concentrations  of  Cu  were  found  to  be  gen- 
erally between  2 and  6 ppm  (Figure  6).  These  values  agree  well  with 

q 

Gosselink  et  al.  who  reported  values  of  6 ppm  of  Cu  in  natural  stands 
of  S^.  patens  and  D_.  spicata  and  h ppm  of  Cu  in  S^.  alterniflora.  Broome 
et  al.^*^  reported  2 to  L ppm  of  Cu  in  S_.  alterniflora  on  the  North 
Carolina  coast.  In  the  present  study,  only  two  samples  were  found  to 
contain  more  than  7 ppm  of  Cu.  From  these  data,  it  would  appear  that 
marsh  plants  growing  on  the  dredged  material  sampled  did  not  contain 
any  more  Cu  than  marsh  plants  growing  in  a nattiral  marsh. 

Cadmium 

*.  58.  The  Cd  content  of  marsh  plant  leaves  was  mostly  0.2  ppm  or 

less  (Figure  7).  There  were  three  samples  containing  an  order  of  mag- 

7 

nitude  greater  than  0.2  ppm.  Dunstan  et  al.  found  an  average  of 
0.61  ppm  Cd  in  natural  stands  of  S^.  alterniflora  along  six  south- 
eastern U.  S.  river  systems.  Cadmi\mi  concentrations  of  5 ppm  or  more 
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have  been  reported  in  agronomic  crops  (lettuce  and  radishes)  grown  in 

hi 

dredged  material  from  Rotterdam  Harbor,  Netherlands,  and  Hamilton 
1+8 

Harbor,  Ontario.  While  most  samples  in  the  present  study  were  rela- 
tively low  in  Cd  concentration,  there  were  a few  high  values  that  may 
be  of  concern. 

Lead 

59.  Most  of  the  marsh  plant  leaves  contained  Pb  concentrations 
of  1 ppm  or  less  (Figure  8).  Both  S^.  alt erni flora  and  S_.  patens  showed 
wide  ranges  of  Fb  concentrations  up  to  30  and  12  ppm,  respectively. 
Drifmeyer  and  Odim^^  reported  concentrations  of  5.1  and  9.1  PPm  of  Fb 
in  S.  alterni flora  and  patens,  respectively,  on  two  confined  dredged 
material  disposal  areas  in  Virginia.  Fb  concentrations  in  these  species 
in  a natural  marsh  were  1.9  and  0.8  ppm,  respectively.  While  there  were 
some  samples  of  these  marsh  plants  in  the  present  study  containing  as 
much  or  slightly  more  Fb,  the  majority  of  the  samples  contained  Fb  in 
the  ranges  reported  by  Drifmeyer  and  Od+am  for  the  natural  marsh  plants. 
Chromium 

60.  Or  concentrations  in  marsh  plant  leaves  were  mostly  below 
1.5  ppm  (Figure  9).  The  highest  plant  leaf  content  approached  h ppm  of 
Cr.  There  is  no  information  on  Cr  concentrations  in  marsh  plants  for 
comparison. 

Nickel 

61.  The  Ni  content  of  marsh  plant  leaves  was  mostly  below  2 ppm 
(Figiare  lO).  S^.  alt  erni  flora  showed  Ni  concentrations  up  to  8 ppm. 

Both  other  species  showed  narrower  ranges.  There  were  a few  samples 
that  contained  Ni  concentrations  almost  an  order  of  magnitude  above 
those  of  the  majority  of  the  samples.  There  is  essentially  no  available 
information  on  Ni  concentrations  in  marsh  plants  for  comparison. 

Mercury 

62.  Hg  concentrations  in  marsh  plant  leaves  were  relatively  low 
and  had  narrow  ranges  of  0.0-0. 1+9 > 0.0-0.23,  and  0.0-0.15  ppm  for 

S^.  alterniflora,  patens,  and  D.  spicata,  respectively.  Dunstan  and 

Windom^  reported  up  to  O.UU  ppm  Hg  in  S^.  alterniflora  from  eight 
natural  marshes  extending  from  South  Carolina  to  Florida.  There  appears 
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LEAF  CHROMIUM 


FREQUENCY 

Figiire  9-  Distribution  of  chromium  concentrations 
in  marsh  plant  leaves 


FREQUENCY 

Figure  10.  Distribution  of  nickel  concentrations 
in  marsh  plant  leaves 
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to  be  as  much  Hg  in  marsh  plants  on  dredged  material  as  that  found  in  a 
natural  marsh. 

Summary 

63.  The  results  presented  above  indicate  that  marsh  plants  on  the 
majority  of  the  dredged  material  disposal  sites  sampled  do  not  contain 
any  more  Zn,  Cd,  Cu,  Fb,  Cr,  Ni,  or  Hg  than  similar  marsh  plant  species 
foiind  in  natural  marsh  stands.  There  were  a few  locations,  however, 
where  some  marsh  plant  contents  of  Zn,  Cd,  Cu,  Fb,  and  Ni  were  an  order 
of  magnitude  greater  than  those  of  the  majority  of  the  marsh  plant 
leaves  sampled.  These  higher  values  of  plant  leaf  heavy  metals  may 
eventually  become  an  environmental  hazard.  While  research  is  needed  to 
substantiate  the  hazard  resulting  from  elevated  levels  of  heavy  metals 
in  marsh  plants,  the  results  emphasize  the  importance  of  being  able  to 
predict  marsh  plant  accumulations  of  heavy  metals. 

Comparison  of  Heavy  Metal  Contents 
of  Red  and  White  Roots 

/-I  ^1 

04.  A previous  hydroponic  study  suggested  a mechanism  for  the 
regulation  of  heavy  metal  uptake  by  marsh  plants.  The  iron  and  phos- 
phorus contents  of  marsh  plant  roots  were  correlated  with  accumulations 
in  the  roots  of  certain  heavy  metals  such  as  Fb  and  Cr  and  to  some  ex- 
tent Zn  and  Ni.  In  the  present  study,  alterni flora  plant  roots  were 

selected  at  random,  separated  into  red  and  white  roots,  and  analyzed  for 
heavy  metals.  The  red  coloration  was  thought  to  indicate  a high  iron 
content.  Roots  were  carefully  washed  in  a jet  of  R.O.  water  to  remove 
as  much  soil  as  possible  from  the  root  material.  Red  roots  contained 
much  more  Fe,  Fb,  Cr,  Cu,  and  Hg  than  white  roots  (Table  3).  Sufficient 
variability  was  found  in  the  Zn  and  Ni  data  for  these  random  samples 
■chat  no  significant  differences  between  red  and  white  roots  were  ob- 
tained. Cadmium  appeared  to  be  least  affected  by  Fe  content  of  the 

roots,  a finding  that  agrees  well  with  the  results  of  the  hydroponic 

. , Ul 
study. 
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Extractable  Heavy  Metals  from  Dredged  Material 


65.  Each  field  moist  dredged  material  sample  was  subjected  to 
each  of  the  four  extraction  procedures.  Twenty  of  the  dredged  material 
samples  were  air-dried  and  subjected  to  each  of  the  four  extraction  pro- 
cedures. The  concentration  ranges  of  each  heavy  metal  extracted  from 
the  field  moist  samples  by  each  procedure  are  presented  in  Table  U as  a 
point  of  reference.  Fvirther  discussion  of  these  data  will  be  incor- 
porated in  the  discussion  of  the  correlations  obtained. 

66.  Air-drying  the  dredged  material  before  extraction  generally 
increased  the  concentration  of  heavy  metals  for  each  extraction  pro- 
cedure. DTPA  extraction  of  all  heavy  metals  except  Hg  increased  con- 
siderably after  the  dredged  material  was  air-dried  (Table  5). 

67.  Salinity  and  pH  data  were  measured  on  the  water  paste  extract 
and  are  presented  in  Table  6 for  reference.  Samples  had  a wide  range  of 
salinity  and  pH. 

Correlatidns  Between  Plant  Content  and 
Extractable  Heavy  Metals 

68.  Simple  and  mviltiple  correlation  coefficients  were  determined 
and  regression  analyses  were  performed  for  the  heavy  metal  concentra- 
tions in  the  marsh  plant  leaves  and  the  concentrations  of  heavy  metals 
extracted  from  the  dredged  material.  Data  used  in  these  analyses  are 
tabulated  in  Appendices  A and  B.  Initially  the  three  marsh  plant 
species  were  analyzed  collectively  to  obtain  overall  correlations  be- 
tween plant  heavy  metal  contents. and  extractable  heavy  metals.  However, 
subsequent  correlations  performed  on  each  marsh  plant  species  separately 
improved  a number  of  the  correlations.  All  tests  for  significance  were 
conducted  at  the  P = 0.05  level  of  significance. 

Water  soluble 

69.  There  were  very  few  significant  correlations  between  plant 
heavy  metal  content  and  the  water  soluble  concentration  of  that  heavy 
metal  extracted  from  dredged  material  (Table  T).  The  most  notable 
correlations  were  found  within  each  species.  A significant  multiple 
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correlation  was  found  between  water  soluble  Hg  and  plant  leaf  Hg  in 
S^.  alterniflora  (r  = 0.57).  A significant  linear  relationship  was  found 
between  water  soluble  Ni  and  plant  leaf  Ni  in  S^.  patens  (r  = 0.55). 

26 

Bates  et  al.  report  a relatively  similar  correlation  between  water 

soluble  Ni  and  plant  Ni  content . Water  soluble  Cu  showed  a significant 

linear  relationship  to  plant  leaf  Cu  in  D.  spicata  (r  = 0.i*9).  There 

was  no  significant  correlation  for  Zn,  Fb,  Cr,  and  Cd.  While 
33 

Bingham  et  al.  found  good  correlations  between  water  soluble  Cd  and 
plant  Cd  contents  for  rice  grown  under  flooded  and  nonflooded  condi- 
tions, their  research  was  limited  to  one  soil.  Additional  research 
was  recommended  to  verify  the  correlation  of  water  soluble  Cd  to  plant 
Cd  content  for  a number  of  different  soils.  Since  the  present  study 
sampled  a wide  range  of  different  dredged  materials  and  no  significant 
correlations  for  plant  Cd  uptake  were  fo\ind,  the  use  of  water  soluble 
Cd  to  predict  plant  uptake  of  Cd  may  be  limited  to  certain  soil  types 
and  not  be  applicable  to  a wide  range  of  soils. 

Exchangeable  NH^Ac 

70.  There  were  few  significant  correlations  between  plant  heavy 
metal  content  and  the  exchangeable  concentration  of  that  heavy  metal 
extracted  from  dredged  material  (Table  8).  No  significant  correla- 
tions were  obtained  when  all  species  were  considered  together.  While 
S_.  alterniflora  and  S^.  patens  showed  only  two  significant  correlations, 
D.  spicata  showed  a highly  significant  multiple  correlation  of  plant 
leaf  Zn  and  Cd  content  and  exchangeable  Zn  and  Cd  extracted  from 
dredged  material.  These  high  correlations  for  Cd  in  D.  spicata  agree 
well  with  the  correlations  of  IN  NH,  Ac  extractable  Cd  with  plant  Cd 

25  ^ 

content  reported  by  John  et  al.  Exchangeable  Cu  showed  a significant 
multiple  correlation  with  plant  leaf  Cu  (r  = 0.5^).  Exchangeable  Ni, 

Pb,  and  Cr  did  not  relate  well  to  plant  contents  of  these  metals  as 

23  2h 

reported  by  MacLean  et  al.,  Halstead  et  al.,  and  Schueneman  and 

27 

Ellis.  These  investigators  added  various  amounts  of  each  heavy  metal 
to  a soil  and  then  evaluated  IN  NHj^Ac  extractable  concentrations  with 
regard  to  plant  heavy  metals  contents.  The  dredged  materials  sampled 
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in  the  present  study  contained  Ni,  Fb,  and  Cr  that  may  have  been  in 
forms  other  than  exchangeable  and  therefore  very  few  significant  corre- 
lations were  obtained.  These  data  indicate  that  the  exchangeable 
ammoniiom  acetate  procedure  is  limited  to  only  one  species,  D.  spicata, 
for  predicting  plant  uptake  of  Zn,  Cd,  and  Cu. 

Dilute  acid  extractable 

71.  There  were  very  few  significant  correlations  of  plant  heavy 
metal  contents  and  dilute  acid  extractable  heavy  metals  (Table  9). 

Dilute  acid  extractable  Zn  was  not  related  to  plant  Zn  content  as  re- 

38 

ported  by  Coffman  and  Miller.  However,  Coffman  and  Miller  applied  Zn 
to  soil  and  then  evaluated  the  relationship  of  dilute  acid  extractable 
Zn  to  plant  Zn  content.  Concentrations  of  dilute  acid  extractable  Zn 
ranged  from  0.3  to  1.7  Ppm  in  Coffman  and  Miller's  research.  The  range  ] 

of  dilute  acid  extractable  Zn  in  the  present  study  was  from  0.1  to 
6h.B  ppm  Zn.  Dilute  acid  extractable  Zn  may  relate  well  to  plant  Zn 
contents  at  low  levels  of  soil  Zn  aromd  the  deficiency  range;  however, 
at  higher  levels  of  soil  Zn,  correlation  of  plant  Zn  contents  to  dilute 
acid  extractable  Zn  may  not  exist.  Acid  extractable  Cu  showed  a sig- 
nificant correlation  with  marsh  plant  leaf  Cu  contents  when  all  three 

i 

plant  species  were  grouped  together,  and  also  for  S^.  alterni flora  and  j 

S^.  patens  individually  (Table  9).  Acid  extractable  Pb  showed  signifi-  : 

cant  multiple  correlations  with  plant  Pb  content  for  all  species  and  ^ 

for  S^.  alterni flora  (Table  9).  A linear  correlation  was  obtained  for 
plant  Pb  content  of  S^.  patens.  There  are  no  reports  of  dilute  acid 
soil  extraction  of  Pb  related  to  plant  Fb  contents.  The  value  of  dilute 
acid  extraction  of  heavy  metals  appears  to  be  limited  to  low  levels  of  j 

heavy  metals  in  soils  or  to  Cu  and  to  some  extent  Pb  in  dredged  material. 

DTPA  I 

72.  Field  moist.  Of  the  four  extraction  procedures  evaluated,  ; 

DTPA  was  the  most  successful  for  correlating  extractable  heavy  metals  j 

with  plant  uptake  of  heavy  metals.  A high  degree  of  linear  correla-  | 

tion  was  obtained  between  DTPA  extractable  Zn  and  Cd  and  the  leaf 

content  of  Zn  and  Cd  when  all  species  were  considered  together  (Table 
10,  Figures  11  and  12).  Tiie  aforementioned  relationships  were  improved 
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Figure  11.  Linear  and  multiple  correlations  of  DTPA  ex- 
tractable zinc  from  dredged  material  and  marsh  plant  leaf 
zinc  content  (all  species  included) 
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Figure  12.  Linear  and  mxiltiple  correlations  of  DTPA  ex- 
tractable cadmium  from  dredged  material  and  marsh  plant 
leaf  cadmium  content  (all  species  included) 


"by  the  calculation  of  m\iltiple  correlation  coefficients  (Figures  11  and 
12,  dashed  curves).  Consideration  of  individual  species  further  en- 
hanced the  linear  correlations  for  S^.  alt erni flora  and  D.  spicata  for  Zn 
and  Cd,  but  not  at  all  for  S^.  patens  (Table  lO).  Multiple  correlations 
for  each  species  significantly  improved  the  DTPA  predictive  capability 
for  Zn  and  Cd  in  S^.  alterniflora  and  for  Zn  in  D.  spicata.  These  suc- 
cessful correlations  agree  well  with  the  DTPA  Zn  correlation  of  Lindsay 
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and  Norvell  and  DTPA  Cd  correlations  of  Bingham  et  al. 

73.  DTPA  Cu  showed  significant  correlation  with  plant  Cu  contents 
when  all  species  were  considered  as  well  as  for  S^.  alterniflora  and  D. 
spicata  individually.  However,  DTPA  Cu  did  not  correlate  with  Cu  con- 
tent of  S^.  patens  leaves.  The  narrower  range  of  DTPA  Cu  values  for 
patens  may  have  contributed  to  this  poor  correlation.  DTPA  was  found 

to  correlate  extractable  Cu  with  plant  Cu  content  in  the  deficiency 

20 

range  by  Lindsay  and  Norvell.  It  would  appear  that  DTPA  has  potential 
for  predicting  plant  Cu  contents  at  higher  levels  of  soil  Cu. 

While  a significant  linear  correlation  was  not  fo\ind  for  DTPA 
extractable  Pb  and  Cr  when  all  species  were  considered  together,  a sig- 
nificant multiple  correlation  was  obtained  for  these  metals  as  shown  in 
Figures  13  and  1^*,  respectively.  There  were  no  significant  correla- 
tions obtained  for  DTPA  extractable  Ni  or  Hg  regardless  of  whether  the 
plants  were  grouped  or  treated  individually.  Since  reagent  grade  DTPA 
was  found  to  contain  low  levels  of  Ni  as  a contaminant,  Ni  extraction 
data  were  subject  to  question.  There  are  two  explanations  for  the  poor 
correlation  with  plant  Hg  content.  DTPA  may  not  extract  the  fraction 
of  Hg  in  dredged  material  that  marsh  plants  absorb  or  the  concentration 
ranges  for  Hg  in  the  plants  and  extracted  from  the  dredged  material  were 
narrow.  The  poor  correlations  for  S^.  patens  are  probably  related  to  the 
narrower  ranges  of  heavy  metal  concentrations  extracted  by  DTPA  for  S. 
patens  dredged  material  samples  (Table  k)  and  the  narrower  ranges  of 
heavy  metals  in  the  leaves  of  S_.  patens  (Figures  5 and  T). 

75.  Air-dried.  The  above  correlations  were  obtained  from  ex- 
traction data  of  field  moist  dredged  material.  Correlations  of  extract- 
able  heavy  metals  from  air-dried  dredged  material  were  significant  for 
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Figiire  ll*.  Multiple  correlation  of  DTPA  extractable 
chromium  from  dredged  material  and  marsh  plant  leaf 
chromium  content  (all  species  included) 
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DTPA  only;  the  other  extraction  procedures  showed  extremely  poor  corre- 
lations. A comparison  of  the  correlations  of  plant  leaf  heavy  metal 
content  with  the  extractable  heavy  metals  in  both  field  moist  and  air- 

' dried  dredged  material  is  shown  in  Table  11.  Good  correlations  were 

obtained  under  both  moisture  conditions. 

• , Conclusions 

T6.  These  results  indicate  that  dredged  material  tested  in  the 
field  moist  or  air-dried  state  can  produce  significant  correlations  be- 
tween extractable  heavy  metals  (from  the  soil)  and  plant  contents  of 
’ certain  heavy  metals  such  as  Zn,  Cd,  and  Cu.  Since  most  agriculttiral 

soil  testing  laboratories  test  soils  in  the  air-dried  state,  dredged 

♦ 

materials  could  be  air-dried  and  sent  to  any  one  of  a n\amber  of  agri- 
cultural soil  testing  laboratories  for  heavy  metal  extraction  and  test- 
ing. While  air-drying  sediments  may  be  practical  for  testing  in  exist- 
ing agricultural  soil  testing  facilities,  extreme  difficulty  was 
experienced  with  the  finer  clay-textured  dredged  materials  upon  air- 
drying. These  materials  became  extremely  hard  and  required  excessive 
labor  to  grind  and  screen  the  material  for  laboratory  heavy  metal  ex- 
traction. Laboratory  extraction  of  field  moist  samples  was  much  easier 
and  is  recommended  for  the  finer  clay-textured  sediments. 

77-  Salinity  and  pH  were  also  tested  separately  and  collectively 
with  regard  to  plant  heavy  metal  content.  Neither  variable  improved 
the  aforementioned  correlations.  It  was  therefore  concluded  at  the 
termination  of  Phase  I that  DTPA  had  good  potential  for  predicting 
marsh  plant  uptake  of  Zn,  Cd,  Cu,  and  to  some  extent  Pb  and  Cr.  How- 
ever, prediction  of  marsh  plant  uptake  of  Ni  and  Hg  was  not  possible 
from  this  study. 
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Phase  II:  Verification 


DTPA  Extractable  Heavy  Metals  from  Dredged  Material 


T8.  The  concentration  ranges  of  each  heavy  metal  extracted  hy 
DTPA  from  the  verification  dredged  material  samples  are  presented  in 
Table  12.  The  values  for  heavy  metals  from  a previous  greenhouse  study 
were  relatively  low,  whereas  the  concentrations  of  Zn,  Cd,  and  Pb  in 
DTPA  extracts  reached  extremely  high  values  for  the  Corpus  Christ!  sam- 
ples. A nvunber  of  DTPA  extract  Zn,  Cd,  and  Fb  concentrations  were  above 
the  ranges  observed  in  Phase  I sampling.  Corpus  Christ!  was  selected 
for  verification  because  high  levels  of  Zn  and  Cd  were  observed  in 
Phase  I samples.  These  high  concentrations  of  metals  should  enable 
verification  and  improvement  of  prediction  equations  at  the  higher 
levels  of  contamination. 

79-  Ten  randomly  selected  samples  of  dredged  material  were  ana- 
lyzed in  triplicate  to  estimate  variation  in  DTPA  extraction  data 
(Table  13).  There  was  considerable  variation  in  DTPA  extractable  Zn, 

Cu,  Cd,  Ni,  and  Pb  within  the  Corpus  Christ!  location.  Laboratory 
variation  in  the  DTPA  extraction  data  was  relatively  small  for  Zn 
(12.6^),  Cu  (9.6^),  and  Fb  (7.7^).  Variation  increased  slightly  for 
Cd  (17.3^)  and  Ni  (20.1+^).  Most  variation  was  found  for  Cr  (63.0^). 
However,  the  overall  concentrations  and  ranges  of  these  latter  heavy 
metals  were  lower  than  those  of  the  former  metals,  which  tends  to  in- 
crease laboratory  variation.  This  is  especially  true  for  Cr,  which 
had  a mean  DTPA  extractable  concentration  of  only  8.7  ppb.  With  this 
extremely  low  concentration  initially,  it  is  not  surprising  that  lab- 
oratory variation  of  5.^8  ppb,  which  normally  would  be  considered  ex- 
ceptionally good,  appears  as  63.0^  variation. 

Marsh  Plant  Heavy  Metal  Contents 


80.  Marsh  plant  leaves  collected  from  a previous  greenhouse 
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study  and  from  Corpus  Christi  varied  widely  in  their  concentrations  of 
heavy  metals  (Table  lU).  The  Corpus  Christi  plant  leaves  had  much 
higher  heavy  metal  contents  than  the  greenhouse  plants.  The  average 
concentrations  of  heavy  metal  from  the  Corpus  Christi  samples  were  com- 
pared with  the  predicted  concentrations  using  the  respective  DTPA  ex- 
traction values  as  will  be  discussed  in  a later  section. 

Comparison  of  plant 
leaf  washing  techniques 

81.  Two  procedures  for  preparing  plant  leaves  for  heavy  metal 
analysis  were  evaluated  on  marsh  plant  leaf  samples.  The  first  proce- 
dure was  described  previously  and  utilized  methanol,  R.O.  water,  and 
hydrochloric  acid.  The  second  procedure  involved  rinsing  the  marsh 
plant  leaves  in  R.O.  water  only.  Most  of  the  reports  of  marsh  plant 
leaf  analyses  cited  previously  involved  rinsing  the  leaves  with  water 
only.  The  Phase  I random  sampling  was  not  sufficient  to  establish  sig- 

[ nificant  differences  between  washing  procedures  except  for  Ni  and  Cr 

(Table  15).  The  rinse  in  R.O.  water  did  not  remove  leaf  surface  ad- 
sorbed Ni  and  Cr.  Phase  II  sampling  included  22  samples  of  alterni- 
flora  to  enable  a more  complete  evaluation  of  washing  procedures.  The 
R.O.  water  rinse  did  not  remove  Zn  and  Ni  from  the  leaf  surface.  There 
was  no  difference  in  Cu  and  Pb  contents  of  leaves  related, to  the  washing 
procedures.  Leaf  content  of  Cd  was  higher  in  the  washed  leaves,  which 
indicates  possible  Cd  contamination  from  materials  used  during  the  wash- 
ing procedures.  Chromium  concentration  data  were  not  obtained  due  to 
analytical  instrvunentation  malfunctioning  during  Cr  analyses. 

82.  While  these  data  indicate  that  plant  leaf  adsorbed  metals 
can  significantly  affect  the  concentrations  of  Zn  and  Ni  observed  for 
plant  leaf  samples,  more  research  is  required  to  more  fully  substan- 
tiate the  magnitude  of  this  contamination.  Marsh  plants  from  the  C9rpus 

. Christi  site  sampled  in  the  verification  phase  of  this  study  did  not 
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have  significant  leaf  adsorbed  Cu  or  Pb,  However,  the  sampling  was 
conducted  following  a month  of  severe  rainstorms  that  could  have  in- 
fluenced the  amount  of  leaf  adsorbed  contamination  on  marsh  plant  leaves 
prior  to  collection.  It  would  appear  that  more  sampling  in  areas  of 
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considerable  air  pollution  is  warranted.  Since  the  intensity  of  air- 
borne particulates  with  heavy  metals  varies  from  location  to  location 
and  from  source  to  source,  valid  comparisons  of  the  contribution  of 
airborne  particulate  contamination  on  marsh  plants  become  complex  and 
difficult  to  substantiate.  The  previously  referenced  heavy  metal  con- 
tents of  marsh  plants  may  be  confounded  by  leaf  adsorbed  heavy  metals 
from  airborne  particulates.  Consideration  should  be  given  to  an  ade- 
quate leaf  washing  procedure  for  plant  leaves  to  be  analyzed  for  heavy 
metals  if  the  location  of  the  sampling  is  known  to  be  influenced  by  an 
elevated  level  of  airborne  particulate  contamination. 

Variation  in  observed  heavy  metal 
concentrations  in  marsh  plant  leaves 

83.  Ten  randomly  selected  samples  of  washed  marsh  plant  leaves 
were  used  to  estimate  the  variation  in  plant  leaf  heavy  metal  data  by 
conducting  triplicate  determinations  on  each  leaf  sample.  The  plant 
leaf  heavy  metal  content  did  not  vary  greatly  within  the  Corpus  Christi 
site  for  any  of  the  heavy  metals  except  Zn  (Table  16). 

84.  Laboratory  variation  was  extremely  low  for  Zn  (5.5^)  and 
Cu  (7.6^).  There  was  more  laboratory  variation  in  Cd,  Ni,  Pb,  and  Cr. 
Usually  the  greater  percent  variation  in  the  data  was  related  to  lower 
concentrations  of  a heavy  metal  observed.  The  values  in  Table  16  should 
actually  be  divided  by  a dilution  factor  of  25  to  give  the  concentra- 
tions that  were  determined  in  laboratory  analyses.  The  actual  labora- 
tory variations  were  therefore  in  the  range  of  mean  concentrations  of 

Zn  (4.1+7  ppm),  Cu  (O.183  ppm),  Cd  (0.0079  ppm)  > Ni  (0.0425  ppm),  Fb 
(0.191  ppm),  and  Cr  (0.0421  ppm).  Small  variations  in  heavy  metal  con- 
centrations in  the  laboratory  became  magnified  by  a factor  of  25  in 
relating  actual  plant  concentrations.  ’ 

Prediction  of  Plant  Leaf  Heavy  Metal  Content 

85.  Equations  developed  in  Phase  I were  used  to  predict  the  con- 
centration of  heavy  metals  in  marsh  plant  leaves  collected  in  Phase  II. 
Dredged  material  samples  collected  in  Phase  II  were  extracted  with  DTPA, 
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and  the  DTPA  extractable  heavy  metals  were  determined.  Each  DTPA  value 
for  a heavy  metal  was  then  incorporated  into  the  appropriate  prediction 
equation  and  the  plant  leaf  content  of  that  heavy  metal  was  predicted. 
There  were  extremely  wide  ranges  of  plant  leaf  heavy  metal  concentra- 
tions predicted  using  individual  DTPA  values.  This  extreme  variation 
in  plant  heavy  metal  content  within  the  Corpus  Christi  sampling  site 
can  also  be  seen  in  the  observed  values  presented  in  Table  lU.  Since 
a number  of  the  Zn,  Cd,  and  Pb  DTPA  values  were  above  the  range  used  in 
Phase  I to  develop  the  prediction  equations,  only  DTPA  concentrations 
within  the  range  of  Phase  I values  were  used  to  predict  the  plant  leaf 
concentrations  of  heavy  metals  shown  in  Table  IT.  Because  of  this  wide 
variation,  comparison  of  individual  predicted  and  observed  leaf  heavy 
metal  contents  also  showed  wide  ranges  in  percent  deviation  of  observed 
values  from  predicted  values.  For  example,  3 of  the  5 samples  used  to 
predict  S^.  alt erni flora  leaf  contents  of  Zn  fell  within  ^39^  deviation 
from  the  observed  plant  Zn  content  (Table  IT).  Predicted  plant  Cu  con- 
tent showed  l6  out  of  22  samples  falling  within  ^6%  deviation  from  the 
observed  values.  While  this  presentation  of  the  accuracy  of  the  Phase  I 
equations  in  predicting  plant  leaf  heavy  metal  contents  may  relate  the 
variability  found  in  the  data,  it  was  thought  that  perhaps  a more  prac- 
tical way  to  consider  the  potential  of  Phase  I equations  was  to  compare 
the  average  values  of  the  predicted  plant  leaf  heavy  metals  and  the 
average  observed  heavy  metals  content.  The  average  predicted  value, 
average  observed  value,  and  percent  deviation  of  the  predicted  values 
from  the  observed  values  are  presented  in  Table  IT. 

86.  Prediction  of  plant  content  of  Zn,  Cu,  and  Cr  for  S^.  alter- 
ni flora  was  10. 5 » l8.1,  and  13.0^  below  the  respective  observed  metal 
concentration.  Prediction  of  plant  uptake  of  Zn  and  Cu  by  D.  spicata 
was  31.6  and  15.1^  above  the  respective  observed  metal  concentration. 
Prediction  of  plant  leaf  Pb  content  in  alterniflora  was  30.7%  above 
the  observed  concentration.  Prediction  of  leaf  Pb  in  D.  spicata  was 
93.3%>  below  the  observed  concentration.  Prediction  of  plant  Cd  content 
was  extremely  poor  for  both  species,  being  as  much  as  556  and  k3Q%  above 
the  observed  Cd  concentration  in  S^.  alterniflora  and  D.  spicata  leaves. 
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respectively.  Even  though  elevated  concentrations  of  Cd  were  extracted 
from  the  dredged  material  with  DTPA,  marsh  plants  did  not  take  up  ele- 
vated Cd  concentrations.  These  data  indicate  the  presence  of  some 
mechanism  for  reducing  or  inhibiting  Cd  uptake  by  alterniflora  at 
elevated  levels  of  Cd  in  dredged  material. 

Verification  and  Improvement  of 
Prediction  Equations 

8T.  Data  presented  in  Table  IT  indicate  that  Phase  I equations 
have  potential  to  predict  the  uptake  of  Zn,  Cu,  Cr,  and  to  some  extent 
Pb  in  marsh  plants  grown  on  dredged  material  using  the  DTPA  exT.raction 
procedure.  Prediction  of  Cd  uptake  by  marsh  plants  was  not  good  using 
Phase  I equations. 

88.  Since  a nvimber  of  samples  collected  at  Corpus  Christi  con- 
tained concentrations  of  certain  heavy  metals  beyond  the  ranges  found 
in  Phase  I samples,  the  data  from  Phase  II  samples  were  added  to  the 
data  from  Phase  I and  new  prediction  equations  were  generated  for  a 
wider  range  of  heavy  metal  concentrations  (Table  l8).  Stepwise  multiple 
regression  analyses  were  tested  in  addition  to  polynomial  regressions 

to  give  additional  prediction  equations  for  both  leaf  Zn  and  leaf  Cd 
which  consider  the  interaction  of  DTPA  extractable  Zn  and  Cd.  The  im- 
proved equations  in  Table  l8  are  based  on  a wider  data  base  and  there- 
fore are  substantially  stronger  than  Phase  I equations.  All  correlation 
coefficients  presented  in  Table  l8  are  highly  significant  (P  = O.Ol). 
Prediction  equations  vinder  "All  Species"  include  all  the  data  from 
Phases  I and  II  for  all  species,  collectively.  These  could  be  consid- 
ered generalized  prediction  equations  for  marsh  plant  uptake  of  selected 
heavy  metals.  More  specific  prediction  equations  for  each  species  can 
be  used  when  either  S^.  alterniflora  or  D.  spicata  are  considered. 

89.  Additional  samples  of  dredged  material  and  S_.  alterniflora 
were  collected  from  a greenhouse  study  for  use  in  the  verification  of 
prediction  equations.  The  concentrations  of  heavy  metals  in  DTPA  ex- 
tracts of  the  dredged  material  and  in  plant  leaves  were  low  (Tables 
12  and  lU).  Because  of  these  low  values,  incorporation  of  the  DTPA 
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extractable  heavy  metals  into  the  prediction  equations  resulted  in  very 
poor  predictions  for  Cd,  Pb,  and  Cr.  Average  predicted  concentrations 
for  plant  leaf  Zn  and  Cu,  however,  were  within  lU.5  and  lQ.1%  of  the 
average  observed  plant  leaf  contents  of  Zn  and  Cu,  respectively.  The 
average  predicted  values  of  Zn  and  Cu  were  l6.8  and  2.h6  ppm,  respec- 
tively, which  compare  well  with  the  average  observed  values  of  19.6  ppm 
Zn  and  3.03  ppm  Cu. 

90.  These  results  indicate  that  the  equations  in  Table  I8  can 
predict  relatively  "normal"  or  elevated  levels  of  heavy  metals  in  marsh 
plants,  but  cannot  predict  extremely  low  levels  of  Cd,  Pb,  or  Cr  in 
marsh  plants.  However,  this  study  was  conducted  to  develop  a technique 
to  predict  "normal"  and  elevated  levels  of  heavy  metals  in  marsh  plants 
rather  than  extremely  low  levels  of  plant  leaf  heavy  metals. 


52 


PART  IV:  CONCLUSIONS  AND  RECOMMENDATIONS 


91.  Most  marsh  plants  colonizing  dredged  material  disposal  sites 
sampled  in  this  study  contained  relatively  low  concentrations  of  Zn,  Cu, 
Cd,  Pb,  Cr,  Ni,  and  Hg.  These  concentrations  were  very  similar  to  those 
reported  for  natural  coastal  marshes.  There  were  a few  locations,  how- 
ever, that  showed  marsh  plant  contents  of  Zn,  Cu,  Cd,  and  Fb  that  were 
an  order  of  magnitude  above  those  of  the  other  samples.  The  occurrence 
of  these  elevated  plant  metal  contents  emphasizes  the  need  for  a method 
to  predict  heavy  metal  availability  from  dredged  material  to  plants. 

The  results  of  this  study  indicate  that  marsh  plant  uptake  of  Zn,  Cu, 

Cd,  and,  to  some  extent,  Pb  and  Cr  from  dredged  material  may  be  pre- 
dicted using  the  DTPA  extraction  procediire  described  in  this  report. 
Prediction  of  plant  uptake  of  Ni  or  Hg  was  not  possible  in  this  study. 

92.  Air-drying  dredged  material  increased  the  amoxints  of  heavy 
metals  extracted  with  DTPA.  Even  so,  these  higher  values  also  cor- 
related well  with  plant  contents  of  Zn,  Cu,  and  Cd.  Since  air-drying 
created  great  difficulty  in  processing  and  screening  the  finer  clay- 
textiired  dredged  material,  DTPA  extraction  is  recommended  for  use  on  a 
field  moist  sample. 

93.  In  order  to  evaluate  the  potential  of  a sediment  or  dredged 
material  to  contaminate  marsh  plants  with  heavy  metals,  it  is  recom- 
mended that  a number  of  samples  of  the  sediment  or  dredged  material  be 
collected  and  extracted  in  the  field  moist  condition  with  DTPA  accord- 
ing to  the  procedure  described  in  paragraph  U6.  The  resulting  extrac- 
tion solution  should  be  analyzed  for  Zn,  Cu,  Cd,  Fb,  and  Cr.  The  con- 
centrations of  each  heavy  metal  should  then  be  incorporated  in  the 
appropriate  prediction  equation  given  in  Table  I8,  and  the  plant  content 
of  each  heavy  metal  can  be  predicted.  These  predicted  values  can  then 
be  evaluated  as  being  potentially  hazardous  or  harmless. 

9^.  Additional  verification  tests  are  needed  to  reconfirm  and 
better  substantiate  the  accuracy  of  the  prediction  equations  developed 
in  this  study.  These  tests  could  be  performed  during  ongoing  DMRP  marsh 
creation  projects  and  on  future  District  marsh  creation  projects. 
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95.  While  the  prediction  equations  in  this  report  (Table  l8)  may 
be  suitable  for  dredged  materials  that  fall  in  the  contamination  range 
of  those  sampled  in  this  study,  additional  research  is  required  to  ob- 
tain information  about  the  plant  availability  of  heavy  metals  in  more 
highly  contaminated  sediments  and  dredged  material.  Locations  of  more 
highly  contaminated  dredged  material  can  be  found  from  ongoing  DMRP  re- 
search projects.  A number  of  these  sediments  can  be  brought  under  a 
semicontrolled  greenhouse  environment  and  marsh  plants  grovn.  Plant 
uptake  of  heavy  metals  could  then  be  correlated  with  DTPA  extractable 
heavy  metals  to  expand  and  improve  the  prediction  equations  developed 
in  this  study, 

96.  Prediction  of  plant  leaf  Cd  appears  to  be  complex  and  in- 
fluenced by  interaction  with  Zn.  Additional  research  is  recommended 
to  determine  the  interaction  of  Zn  on  plant  Cd  uptake.  Experiments  in 
which  marsh  plants  are  grown  at  a fixed  level  of  Cd  and  varying  levels 
of  Zn  should  be  conducted  to  determine  and  model  Zn-Cd  interactions  in 
plant  uptake  mechanisms.  Results  of  these  experiments  should  greatly 
substantiate  the  potential  of  predicting  marsh  plant  uptake  of  Cd  from 
DTPA  extractable  Zn  and  Cd. 

'97.  Additional  research  is  required  to  apply  the  results  of  this 
study  to  the  prediction  of  heavy  metal  uptake  by  freshwater  marsh 
plants  from  dredged  material  placed  in  a freshwater  marsh  environment. 

98.  Prediction  of  plant  uptake  of  heavy  metals  needs  to  be  ex- 
panded from  flooded  to  upland  environments.  The  present  study  did  not 
delineate  possible  differences  in  plant-available  heavy  metals  under 
flooded  and  upland  environments  due  to  funding  and  time  constraints. 

In  order  for  CE  District  personnel  to  predict  the  impact  of  dredged 
material  placement  (under  either  flooded  or  upland  environments)  on 
plant  availability  of  heavy  metals,  additional  research  is  required. 
This  research  could  be  incorporated  into  the  experiments  described 
in  paragraph  95. 
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Table  1 (concluded) 


of  Plant  Leaves  for  Heavy  Metal  Determinations 


Plant  Leaf 

Heavy  Metal  Content,  ppm 


Heavy  Metal 


Red  Fuming 
Nitric  Acid 
Digestion 


Perchloric 

Acid 

Digestion 


Level  of 
Significance 


Table  3 


• 5 
» \ 


I 


* Six  samples  of  red  roots  were  analyzed 
**  Twelve  samples  of  white  roots  were  analyzed 


Table  4 


I 


Concentration  Ranges  (ppm)  of  Extractable  Heavy  Metals  from 
Dredeed  Material  for  Three  Marsh  Plant  Species 


Using  Four  Extraction  Procedures 


Extraction  Procedure 

Metal 

S.  alterniflora 

S.  patens 

D. 

splcata 

Water  soluble 

Zn 

0.0- 

54.7 

0.0-  5.5 

0.0- 

0.7 

Cu 

0.0- 

12.2 

0.0-  0.10 

0.0- 

0.29 

Cd 

0.0- 

0.35 

0.0-  0.0 

0.0- 

0.0 

Ni 

0.0- 

8.0 

0.0-  3.1 

0.0- 

4.1 

Pb 

0.0- 

0.5 

0.0-  0.0 

0.0- 

0.0 

Cr 

0.0- 

0.63 

0.0-  0.17 

0.0- 

0.56 

Hg 

0.0- 

0.0068 

0.0-  0.0092 

0.0- 

0.0002 

Exchangeable  NH.Ac 

Zn 

0.0- 

59.0 

0.0-10.4 

0.0- 

3.6 

Cu 

0.0- 

10.4 

0.0-  0.3 

0.0- 

2.2 

Cd 

0.0- 

1.5 

0.0-  3.1 

0.0- 

1.3 

Ni 

0.2- 

6.8 

0.4-  3.4 

1.7- 

8.0 

Pb 

0.0- 

10.3 

0.0-  3.8 

0.0- 

0.0 

Cr 

0.0- 

1.76 

0.0-  0.83 

0.0- 

0.62 

Hg 

0.0- 

0.024 

0.0-  0.030 

0.0- 

0.039 

Dilute  acid  extractable 

Zn 

0.1- 

64.8 

0.2-16.2 

0.2- 

9.8 

Cu 

0.0- 

13.1 

0.0-  1.8 

0.0- 

2.4 

Cd 

0.0- 

0.41 

0.0-  0.15 

0.0- 

0.20 

Ni 

0.9- 

6.9 

0.2-  6.4 

0.5- 

6.2 

Pb 

0.0- 

8.8 

0.0-  4.7 

0.0- 

4.1 

Cr 

0.0- 

2.74 

0.0-  0.74 

0.0- 

0.94 

Hg 

0.0- 

0.089 

0.0-  0.039 

0.0- 

0.078 

DTPA 

Zn 

0.0- 

182.7 

0.2-20.9 

1.4- 

204.7 

Cu 

0.0- 

31.9 

0.2-18.0 

0.0- 

49.9 

Cd 

0.0- 

3.8 

0.1-  0.2 

0.1- 

5.0 

Ni 

0.0- 

9.9 

0.0-  5.0 

0.0- 

11.5 

Pb 

0.0- 

32.4 

0.0-12.4 

0.0- 

32.9 

Cr 

0.0- 

0.74 

0.0-  0.23 

0.0- 

0.72 

Hg 

0.0- 

0.059 

0.0-  0.063 

0.0- 

0.004 

Note:  All  values  are  based  on  oven-dry  weight  of  dredged  material 


Heavy 

Metal 


Zn 

Cd 

Cu 

Pb 

Ni 

Cr 

Hg 


Heavy  Metal 
Concentration,  ppm 


Wet 


35.93* 

0.55 

6.00 

8.96 

2.75 

0.008 

0.004 


Air-Dried 


58.97 

1.39 

8.60 

15.86 

5.11 

0.30 

0.002 


Level  of 
Significance 


0.01 
0.05 
0.01 
0.01 
0.01 
0.01 
NS 


* Average  value  of  twenty  randomly  selected  dredged  material  samples. 


Table  6 

Ranges  in  Salinity  and  pH  Found  Under  Field  Conditions 


No.  of 

Marsh  Plant 

Samples 

Salinity.  DOt 

pH 

All  species 

127 

0 - 125 

2.6  - 8.5 

S.  alterniflora 

79 

0 - 125  (26)* 

2.6  - 8.5 

S.  patens 

23 

0-25  (13) 

4.8  - 8.5 

D.  spicata 

25 

10  - 110  (28) 

7.0  - 8.3 

* Average  value  of  salinity. 


Table 


* Number  in  parentheses  indicates  number  of  samples  used  in  correlation  analysis. 
**  NS  indicates  no  significant  improvement  over  linear  relationship. 

Underlined  correlation  coefficients  are  significant  at  P = 0.05. 


Table  11 

Comparison  of  Correlation  Coefficients  Between  Plant  Leaf  Heavy 
Metals  Content  and  DTPA  Extractable  Heavy  Metals  from 
Field  Moist  and  Air-Dried  Dredged  Material 


Leaf 

Extraction 

Heavy 

Correlation 

Coefficients* 

Procedure 

Metal 

Wet 

Air-Dried 

DTPA 

Zn 

0.94 

0.95 

Cu 

0.84 

0.84 

Cd 

0.94 

0.91 

N1 

-0.13 

0.10 

Pb 

0.17 

0.07 

Cr 

-0.50 

0.00 

Hg 

-0.21 

-0.40 

* Twenty  samples  of  dredged  material  were  selected  randomly  and  tested 
both  in  the  field  moist  and  air-dried  condition. 
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Table  12 

Concentration  Ranees  of  Heavy  Metals 


Extracted  by  DTPA  from  Verification  Samnles 


Location 


Greenhouse  Study* ** 


Heavy  Metals 


Concentration  Range,  ppm 

S.  alternlflora  D.  splcata 


.4  - 24.4 

.0  - 0.35 

.0  - 0.34 

.8  - 1.88 

.0  - 17.0 

.04  - 0.09 

.7  - 426.5 


109.3  - 322.8 


2.17  - 

14.49 

3.37  - 

14.74 

1.11  - 

7.49 

1.29  - 

4.04 

0.45  - 

2.86 

0.56  - 

2.24 

5.0  - 

68.49 

12.0  - 

32.0 

.0  - 


0.031 


0.055 


* Greenhouse  study  had  16  samples. 

**  Corpus  Christ!  study  had  22  and  20  samples  for  alternlflora  and 
D.  spicata,  respectively. 


L. 


Table  13 

Variation  Observed  in  DTPA  Extraction 
of  Heavy  Metals  from  Dredged  Material  from  Corpus  Christ! 


Mean  Standard  Deviation 

Concentration  of  Concentration,  ppm  Lab  Coefficient 
Heavy  Metal  ppm Within  Site  Within  Lab  of  Variation,  % 


Zn 

322.6 

172.9 

40.7 

12.6 

Cu 

7.251 

3.001 

0.699 

9.6 

Cd 

5.210 

3.357 

0.901 

17.3 

Ni 

1.218 

0.519 

0.248 

20.4 

Pb 

30.305 

12.652 

2.326 

7.7 

Cr 

0.0087 

0.00544 

0.00548 

63.0 

Note;  Estimation  of  variability  in  data  was  obtained  from  triplicate 
determinations  on  10  randomly  selected  samples  of  dredged 
material. 
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Tatle  lit 

Concentration  Ranges  of  Heavy  Metals  in  Marsh 
Plant  Leaves  for  Verification  Samples 


Location 

Hea-vy  Metals 

Concentration  RanKe, 

ppm 

S . alterniflora 

D. 

spicata 

Greenhouse  Study- 

Zn 

O.lt 

- 

37.75 

Cu 

2.32 

- 

3.9 

Cd 

0.002 

- 

0.0575 

Ni 

0.075 

- 

2.38 

Fb 

0.0 

- 

0.275 

Cr 

0.0 

- 

1.55 

Corpus  Christ i 

Zn 

ito.6 

- 

250.6 

33.1 

- 213.1 

Cu 

2.72 

- 

8.88 

2.35 

5.62 

Cd 

0.058 

- 

0.1t3 

0.0lt5 

- 0.705 

Ni 

0.15 

- 

It.  075 

0.3 

- 10.2 

Ph 

1.02 

- 

I9.lt 

2.8 

- 18.3 

Cr 

0.02 

- 

2.55 

0.0 

- 1.85 

Table  15 


The  Influence  of  Washing  Plant  Leaves  on  the  Concentrations  (ppm) 
of  Selected  Heavy  Metals  Found  in  Leaves  of  Spartlna  Alternlf lora 


Heavy  Metal 


Concentration 

, ppm 

Level  of 

Heavy  Metal 

Washed* 

Phase  I 

Unwashed** 

Significance 

Zn 

20.355 

17.453 

NS 

Cd 

0.169 

0.069 

NS 

Cu 

3.664 

4.547 

NS 

Pb 

2.635 

3.453 

NS 

Ni 

1.191 

2.002 

0.01 

Cr 

0.958 

Phase  II 

2.878 

0.01 

Zn 

116.6 

130.9 

0.01 

Cd 

0.198 

0.067 

0.05 

Cu 

4.85 

4.23 

NS 

Pb 

5.32 

5.5 

NS 

Ni 

1.076 

1.921 

0.1 

Cr 

- 

- 

- 

* Leaves  rubbed  with  methanol,  water,  hydrochloric  acid,  and  water. 

**  Leaves  rinsed  with  water. 

Phase  I - 10  plant  leaves  were  randomly  sampled  from  127  samples. 
Phase  II  - 22  ^ alternif lora  leaf  samples  were  evaluated. 
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Table  16 

Variation  Observed  in  Acid  Digestion  and  Analysis 


of  Heavy  Metals  in  Marsh  Plant  Leaves  from  Corpus  Christ! 


Heavy  Metal 


Mean  Standard  Deviation 

Concentration  of  Concentration,  ppm  Lab  Coefficient 
m Within  Site  Within  Lab  of  Variation,  % 


Note:  Estimation  of  variability  in  data  was  obtained  from  triplicate 
determinations  oi:  10  randomly  selected  samples  of  marsh  plant 
leaves. 


of  the  Phase  I Equations  in  Predictin 


Average  values  for  predicted  and  observed  values. 

Comparison  of  individual  predicted  and  observed  values  of  heavy  metals. 
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APPENDICES 

CONTENTS  OF  HEAVY  METALS  IN  PLANT  AND  DREDGED  MATERIAL  SAMPLES 


Data  collected  and  used  to  make  statistical 
comparisons  and  develop  prediction  equations 


Key  to  data  format: 

Spec 

1.  Spartina  alterniflora 
Spartina  patens 
3.  Distichlis  spicata 

■ 

Location,  site,  and  species  sampled  are  shown  in  Table  1 and  Figure  1 
of  main  text. 
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PHASE  I:  PREDICTION  EQUATION  DEVELOPMENT  DATA 
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